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1. INTRODUCTION

Continuum mechanics codes have been applied to a wide
variety of impact situations, including those in which severe
material damage occurs to both the penetrator and the target
material. It is important to include in such calculations an
appropriate description of the material damage generation
process.

Recently, rather detailed materia} failure models
have been developed at SRI International 1] Ghich relate
material failure to the nucleation and growth of microscopic
holes or cracks. These models, known collectively as NAG-FRAG
(Nucleation And Growth-FRAGmentation), were developed for both
ductile materials (the DFRACT model) and brittle materials
(the BFRACT model). These models h?¥f been incorporated into
the 1975 documented version of HELP to produce the present
NAG-FRAG version of the code which gives a much more det: ‘led
description of material failure.

The major modification to the -HELP code for the incorpo-
ration of these models involves the establishment and subsequent
manipulation of "Lagrangian damage regions." These damage
regions encompass pockets of failed material and move across
the Eulerian mesh with the local velocity field. A damage
regioii is formed when material in an Eulerian cell first
satisfies the failure criterion.

The two NAG-FRAG subroutines, BFRACT and DFRACT, communi-
cate wicth the external HELP code by calculating the stress state
of the material in the damage regions. 1In turn, the external
code provides BFRACT and DFRACT with such guantities as material
density, internal energy and the strain increments to be used
in the calculation of the damage region stresses. Furthermore,
unlike the properties of neighboring Eulerian cells, the
characteristics of contiguous damage regions are not diffused
because there is no material convected from one to the other.

This repor_. documents the changes that were necessary
to incorporate the SRI NAG-FRAG models into the HELP code.
In Section 2, these models are briefly described, and in
Section 3 the modifications that we=e made to the HELP code
for their incorporation are discussed. Section 4 discusses
several auxiliary improvements that were made to the HELP
code concurrently with the incorporation of the NAG-FRAG models.
In Section 5 results from several calculations performed using
the version of HELP that contains the NAG-FRAG models are
presented. These results are compared with Lagrangian calcu-
lations performed by SRI. Appendices A and B are, respectively,
a user's guide to the revised code which supplements the 1975
documentation, and a new set of input forms.

11
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By incorporating the NAG-FRAG failure models into the
Eulerian HELP code, an improved numerical tonl has been
developed for the simulation of the armor penetration process
which involves both large material deformations and ertensive
material failure. This numerical tool can be used by designe:s
of both penetrator and armor systems and can provide detailed
data to vulnerability and survivability analysts.

12
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2. A DESCRIPTION OF THE NAG-FRAG MODELS

The NAG-FRAG (Nucleation And Growth-FRAGmentation)
models incorporated into the HELP code were developed by SRI
for predicting the damage incurred by ductile and brittle
materials when subjected to tensile stresses. The damage is
assumed to result from the generation of small spherical voids
(ductile failure) or disc shaped cracks (brittle failure) and
is reflected by a degradation of material strength properties.

Reference [1] describes these models (DFRACT for ductile
materials and BFRACT for brittle materials) in detail. The
following is a brief description of those aspects of the
models for which an understanding was necessary in the develop-
ment of the NAG-FRAG version of HELP. - In the course of this
description, reference will be made to the TSR array which con-
tains those material properties unique to the NAG-FRAG models.

2.1 VOID NUCLEATION AND GROWTH IN DUCTILE MATERIALS

The spherical voids responsible for damage in ductile
materials are assumed to (1) be generated at a prescribed
rate if the tensile pressure exceeds a nucleation threshold
and (2) grow in size at a prescribed rate if the tensile
pressure is above a growth threshold. During nucleation,
the voids are assumed to be generated according to a given
size distribution.

More specifically, the nucleation rate N (number of voids
generated per unit volume per unit time) is given by the follor-
ing relations wherein pressure is defined to be negative in tension:

P-P
n

o
B .
No e if P < Pno
N =
0 if P > Pno
where
P = tensile pressure
e = TSR(m,5) = nucleation threshold pressure
Pl = TS§3/m,6) = nucleation sensitivity factor
&o = TSR(m,4) = nucleation rate at threshold pressure.

The first index of the TSR array, m, identifies the particular
material being modeled.

13
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The void radii at the time of nucleation are assumed
distributed according to

-R/R
f(R) =1 - ¢ g

where f(R) is the fraction of voids having a radius less than
R and

Rn ® TSR(m,3) = nucleation void radius distribution
parameter.

Thus, the volume of voids nucleated per unit volume of material
during a time step At is (assuming P remains constant during
the time step)

o ap 4TN 3 df(R)
AVn At -3 R T dRrR
o

O |
8T N Rn At 5

The void radii are assumed to grow according to the law

P-P

o]
an R if P < Pgo

where

n = material viscosity
pgo = TSR(m,2) = growth threshold pressure .

Thus, if a particular void has a radius R_ at the beginning \
of the time step, its radius at tie end of the time step

will be P-p 3
At if p<pP \
an go
Ro e
R =
R, ifP2P, .
14
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As a consequence of this growth law, the void content of a

mass of damaged material remains gnchanged during recompression.
Given a void volume, V_ = 4/3 71 Ry, at the beginning of the
time step, the void vofume at the end of the time step will

be

3

(P-P_)At
V= V6 ezﬁ. g0 .

The factor 3/4n is input to the model as TSR(m,1l).

2.2 CRACK NUCLEATICN AND GROWTH IN BRITTLE MATERIALS

The nucleation and growth of cracks in brittle materials
is treated in a fashion much like, but more complex than, the
voids in ductile materials. The number of cracks nucleated
with a particular “angular orientation ¢y is assumed governed
by a nucleation rate

g, ., —~0

9 .
ﬁo' if S ou £.%.o

No if oW

v
Q

no

where

stress normal to the plane of the crack

Q
]

= TPSR(m,5) = nucleation threshold stress
Z TSR(m,6)
TSR(m,4) = nucleation rate at threshold stress.

Q
3

(]

nucleation sensitivity factor

< Q
|| I

In this section of the report and in the NAG-FRAG subroutines,
both the pressure and the total and deviatoric stresses are
defined to be positive in compression. So as not to consider
every possible angular orientation, five bin angles are con-
structed as shown in Figure 2.1. For example, all cracks
whose faces are anormal to the direction given by

45° s ¢ s 135° and -22.5° < ¢ s 22.5°

or
0° < ¥ < 45° and 0° < ¢ < 360°

are included in bins 1 and 5, respectively.

15




Figure 2.1. Crack orientation bins. (Upper hemisphere only
is shown.)




Crack radii growth is assumed gnverned by the equation

1 (o] 4 ’
-1¥—Jl- <
- 4n R. ' %ov °9°
R =
. 0 if ow 2 °go
or, analogous to void growth,
Y g,,=-0
—W—rg-‘ 7 2 At -y
Ro e if aw < °go
R =
i >
Ro if ow > °go
where

ogo = TSR(m,2) = growth threshold stress.

The cracks are assumed to open elastically to form ellipsoids
having a thickness 26 where 6§ is given by

27 !
4(1-v%) *
—TE Rogy

5 &

and

E = Young's modulus

v
*
ow max(-o¢

Poisson's ratio
w,O) [}

The volume of a crack is therefore

iy F—i-“m

- 2 *
vedn R 6= (p- )R> %4
’ and the crack volume associated with bin i is
“v QE(R) 4p - 32 (-vD) yiad)? o1
dR E o (1 ’
o)
i 17
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where as before

-R/R
£(R) = l-e E

Thus it is assumed that a crack radius R remains constant
during recompression but that the thickness 26 ~nd therefore
the volume become zero.

2.3 DEGRADATION OF MATERIAL PROPERTIES, FRAGMENTATION

The nucleation and growth laws provide an estimate of
a void volume fraction V,,. The shear modulus G and the yield
strength Y are assumed related to the values G, and Y, for
undamaged material by the relation

G = Go ll - Vv 0 FI )

Y = Yo Il - 4 Vv pl

where the factor

=15 (33

is defined by a data statement in the models to have the value
1.88 corresponding to a Poisson's ratio, v, cf 1/3.

In the brittle failure model, the density of cracks
together with a consideration of their orientation leids to
an estimate of the extent to which fragmentation occurs. This
estimate includes both the number of fragments formed and their
size. As fragmentation becomes complete (the quantity FU2D
goee to zero), th: .aterial can no longer sustain tensile
pressures. Fragmentation is governed by the input values read
into TSR(m,1.) through TSR(m,13).

2.4 EQUATION OF STATE

It is assumed that the equation of state can be ade-
quately represanted during fracture (because of the small
solid straing) by

Ps = Ay + T ps E

18
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where

Both of the

L
L

pressure of the solid material (i.e., exclusive
of voids)

material bulk modulus
Gruneisen's ratio

p_/p. =1, pg being the density of the solid
mitefial and o the initial density.

NAG-FRAG models determine simultaneously, during

a time step, the damage quantities (number of voids or cracks
and the void volume fraction) and the stresses. This is done
in a complex iteration procedure in which the new pressure

estimate must be carefully initialized.

of this procedure is given in Reference (1).

19
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3. INCORPORATION OF THE NAG-FRAG FAILURE MODELS
INTO THE EULERIAN HELP CODE

As described in the foregoing section, the NAG-FRAG
failure models provide considerable detail as to the extent
and type of damage experienced by a given volume of material
over a given period of time. In a Lagrangian code, where the
computational cells are associated with the same mass through-
out the calculation, the time-dependent damage characteristics
(e.g., void (or crack) number and volume) of each cell are
easily computed. On the other hand, in an Eulerian ‘code,
such as HELP, where the grid remains fixed and the mass is
transported from one computational cell to another, these
time-dependent damage characteristics become severely dif-
fused if they are transported as the momentum and energy
quantities are transported.

To avoid this diffusion, damage regions, which deform
with the mass in the manner of a Lagrangian cell, have been
incorporated into the HELP code. The stresses and damage
characteristics of these damage regions are computed by the
NAG-FRAG subroutines, DFRACT and BFRACT. The Eulerian cells
that are completely contained within the boundaries of a
single damage region assume the strecs state of that region;
whereas, those cells completely outside the damage region
retain the stress state assigned to them by the equation of
state for the undamaged material. A cell intersected by a
damage region boundary is assigned a stress which is a volume
weighted average of the stresses associated with damaged and
undamaged portions of the cell.

Once the stresses of the Eulerian cells are so deter-
mined, the equations of motion and energy and the transport
of mass, momentum and energy are executed as before.

To insure the success of this approach, several refine-
ments were mad< to the computations of transport volumes and
of deviatoric strain and stress increments in HELP. These
refinements alocng with a description of the algorithms for
generating ani iwpdating the damage regions are discussed in
the sections that follow. Additional information of the type
required by a uwer of the code is given in Appendix A.

3.1 CREATION AND PROPAGATION OF DAMAGE REGIONS
A damage region is created when material in an Eulerian

cell first fails, i.e., the cell's pressure (DFRACT) or
stresses normal to bin angles (BFRACT) are sufficiently

20
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tensile to nucleate voids or cracks. Special damage region
tracer particles are placed around the newly failed material
and thereafter move with the local velocity field. These
particles, in so far as they represent the boundary of this
failed material, provide a means of tracking the material

as well as measuring its volumetric and shearing strains as
it continues to deform.

3.1.1 Movement of Damage Region Tracer Particles

The local velocity field of a damage region tracer
particle i3 defined in the same manner as that for a material
interface tracer particle. The velocity components of those
Eulerian cells overlayed by a rectangle of cell dimensions
that is centered about a given tracer particle are averaged
to givz the velocity components of the given tracer particle.
At most, four Eulerian cells are overlayed. The components
of the ith cell are weighted by the area common to it and
the rectangle

e ZuiAi 52 A3
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This procedure gives a spatially continuous velocity field
for tracer particle motion.

3.1.2 Creation of Damage Regions for Pure Eulerian Cells

If the Tulerian cell which has just failed is pure,
i.e., contains only one, undamaged material, the bhoundary of
the new damage region coincides with the boundary of the
entire cell. Five damage region tracer particles are placed
at the corners of the cell in a counter-clockwise order with
the fifth particle being & repeat of the first.
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3.1.3 Creation of Damage Regions from Multimaterial
Eulerian Cells A

When one of the materials in a multimaterial Eulerian
cell first satisfies the failure condition, the boundary of
the new damage region coincideu with the boundary of that.
material in the cell. Damage region tracer particles are
placed at the intercepts of the material interface with the
cell boundary, at the included corners of the cell, if any,
and along t“e material interface, coinciding with the material
interface tracer particles. The last particle closes off
the region by being a repeat of the first.

o Damage region tracer
particles

x Material interface
tracer particles

Material
Interface

3.1.4 Enlargement and Reduction of Existing Damage Regions

A partially damaged cell is one which contains the
boundary of one or more damage regions and therefore con-
tains both damaged and undamaged materials. During each time
step the stress state of the undamaged material is independently
assessed and the appropriate failure criteria is applied to
it. When the failure criterion is satisfied, one of two courses
is taken: either the newly damaged material is included in
an existing damage region, or a new damage region is created
to include the previously as well as the newly failed material;
the damage regions associated with the previously damaged
material are reduced accordingly. The first option is chosen p
if the newly damaged material occupies less than half the cell
volume, or in the case of a multimaterial cell, less than half
the volume associated with the given material; otherwise, the
second option is chosen. Figure 3.1 illustrates these two
occurrences for the case when the partially damaged cell con-
tains only one material. Note that in the case where an existing
damage region intersects the cell, the one which has the largest
part of the cell within its boundaries is the one which is
enlarged; the others are reduced.
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Case 1: A pure Eulerian cell with less than one-half of its
material previously damaged - a new damage region
is created, and the overlapping damaged regions are
reduced.

PT3
N

Case 2: A pure Eulerian cell with more than one-half ofvit:
material previously damaged - one of tie existing
k dapage regions is enlarged, and the ot.er(s) are
reduced.

Figure 3.1. The creation or enlargement of Lagrangian damage
s regions.
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To further illustrate the way in whic 1 damrge reginns
are created, enlarged and reduced, Ffigures ..2 ancl 3.3 repre-
sent a portion of an Eulerian grid i{s which all of these copfions
are exercised and the damage occurs in mult:waterial cells.
Initially, three damage regions exist, as slovn in FPigure Z.2.
The next figure shows the configuravicn of clamage regions
which is produced when both materials in all of the mult:miferial
cells fail simultaneously (an unlikely occurrence, presentzd
here only to illustrate the various mechanisms for generating
damage regions). The following lists the steps taken to pro-
duce the configuration in Figure 3.3:

1. Region #1 was reduced to exclude cells (2,1), (2,2)
and (1,2) since less than half of Material A in any
of those cells was previously damaged.

2. Regicn #2 was enlarged to include all of material
B in cell (2,2) since it had already encompassed
more than half of material B in that cell.

3. Region #3 was eliminated altogether when it was
redvced twice; once when region #4 was created
and again when region #6 v« ; created.

4. Regions #4 through #12 are new regions; however,
#4, 8, 10 and 6 encompass sone material that was
damaged previously and belonged to regiuns $#1 or
#3. Regions #5, 7, 9, 11 and 12 encompass only
newly failed material.

This example also illustrates the motivation for en-
larging and reducing existing damage regions instead of always
creating new ones. Such a procedure minimizes the number of
damage regions that are much smaller than a cell; although as
regions #5 and #9 exemplify, the creation of small regions
is not always avoided. 1In addition, this procedure minimizes
the formation of damage regions having very irregular shapes,
such as the undamaged portion of material A in cells (1,2) arnd
(2,2) in Figure 3.2.

The boundary of an existing damage region is enlarged
or reduced by removing tracer particles interior to the newly
failed material as well as by adding tracer particles at
appropriate cell corners and at intercepts of the damage region
and the cell boundaries.

When a region is reduced, its mass is adjusted as
follows:

n+l n
Mi = Mi - p:.L AV
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Figure 3.2. Three damage regions superimposed on an
Eulerian grid near a material interface.
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Material B

Material A

Figure 3.3. Cenfiguration of damage regions after both
materials fail simultaneously in all of the
multimaterial cells.
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where p, is the current mass density of the region and AV
is the 6olune by which it is being reduced. Likewise, when
a region is enlarged, its mass becomes

M?+1-M?+ijV

where p. is the current mass density of the newly failed
materiai and AV is its volume.

Enlarging a damage region requires all of the material
properties, not just the mass, to be redefined. The damage
parameters and the stress components of the enlarged region
are redefined to be a volume weighted average of those quanti-
ties associated xith the region before it was enlarged and
those quantities associated with the material that: has just
failed and just been added to the region. For example, the
pressure of the enlarged region becomes

n+l n n
where i and j subscripts refer to the existing and newly
damaged materials, respectively. On the other hand, the

specific internal energy of the enlarged region is a mass
weighted average of the previously and newly damaged materials:

n+l

n+l
. i)
i

3

n
i

n n.
E By M, + Ej (av pj)l/M

3.2 SYNCHRONIZATION OF MASS TRANSPORT AND THE MOVEMENT
OF DAMAGE REGION BOJNDARIES

Previously the HELP code employed two different trans-
port algorithms: one for the tracer particles, which define
the material interfaces and the damage region boundaries and
another for the mass. As dascribed in Section 3.1.1 and
illustrated by Figure 3.4a, the velocity of each tracer
particle is determined by an interpolation procedure which
area weights the velocities of at most four cells in the
vicinity of the particle, and which thereby define a spatially
continuous velocity field.

The original HELP algorithm for transport.ng mass, on
the other hand, presumed a discontinuous velocity field, i.e.,
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a. The tracer particle velocity is based
on values at locations denoted by x,
which were interpolated from neigh-
boring cell centered values.

b. In the original HELP treat- ¢. In the modified transport

ment, a single transport treatment, transport ve-
velocity (at x) computed at locities (at x) are com-
each cell boundary. puted at three points for

each cell boundary.

Figure 3.4. A comparison of the velocity interpolations used
in moving the tracer particles and in computing

the transport quantities. . .
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it was based on the assumption that all of the mass in each
cell had the velocity of the cell center. As illustrated by
Figure 3.4b, the volume of material transported from one cell
to another was based only on the cell-centered velocities of
the two cells.

3.2.1 Use of Continuous Velocity Field in Mass Transpcrt

To synchronize the movement of the tracer particles
and the mass, the calculation of the transport volumes for
transporting mass was rewritten so as to be based on a
spatially continuous velocity field. Consider the mass trans-
port in the axial direction as illustrated in Figure 3.4c.
The "map line" is the locus of points such that each point
exactly reaches the cell interface when transported through the
time step At with its locally interpolated axial velocity com-
ponent. If every material point in the grid (together with its
associated momentum and energy) is moved through the time step
At with its local (interpolated) axial velocity, and if each
tracer point is moved likewise, then axial mass transport is
consistent with axial tracer motion. The same argument applies
to the radial transport and tracer motion. ‘

If a material interface intersects a cell boundary, the
transport volume determined by the map line is apportioned
among the constituents on the basis of the fractional areas
subtended by each material.

3.2.2 Division of Transport Phase Into Axial and Radial
Subphases

To simplify the logic of the new transport scheme,
the transport phase of the computational cycle has been
divided into two subphases with only axial (or radial) trans-
port taking place in the first subphase and radial (or axial)
transport in the second. To prevent bias, the order, radial-
axial or axial-radial, is reversed each computational cycle.
The tracer particles as well as the mass are moved in these
two subphases.

3.3 REVISED COMPUTATION OF PRESSURES AND DEVIATCRIC
STRESSES

The computation of the deviatoric stresses and the cal-
culation of the effects of both the pressure and the deviatoric
stresses has been modified in the NAG-FRAG version of the HELP
code as described in the sections that follow.
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3.3.1 Computing Separate Stress States for Materials
in Mixed Cells

In order to apply the NAG-FRAG failure model to each
material in mixed or free surface cells, an accurate account
of the stress state of each material is necessary. Previously,
tensile pressures in all interface cells and the deviatoric
stresses of free surfaces cells were set to zero, thus making
it impossible to apply a failure criterion to these cells.
Table 3.1 summarizes the changes made to the calculation of
the pressures and deviatoric stresses in mixed and free sur-
face cells so that the NAG-FRAG failure model could be applied
individually to the materials in these cells.

3.3.2 Combining the Hydrodynamic and Strength Phases
of HELP

Previously the HELP computational cycle was divided
into three phases, the hydrodynamic phase (HKPHASE) the strength
phase (SPHASE), and the transport phase (TPHASE). In the
hydrodynamic phase the cell pressures were computed and the
effects of these pressures on the cell velocities and internal
energies were determined; an intermediate set of cell velocities
and energies were stored. 1In the strength phase the strain
increments were computed (using the post-HPHASE intermediate .
velocities) and the deviatoric stresses of the cells were up-
dated accordingly. These updated stress deviators were then
applied in the momentum and energy equations and another
intermediate set of cell velocities and internal energies
were defined.

The first two phases, HPHASE and SPHASE have been com-
bined to corform with the requirements of the BFRACT failure
criterion, vhich considers the total stress components normal
to the bin angles, and to facilitate the mapping of the damage
region stress states into the Eulerian grid. Thu., the effects
of the preisgure and deviatoric stresses are now computed in
the same phase (SPHASE for stress phase), and only one set of
intermediate velocities and internal energies are generated
prior to the transport phase (still TPHASE).

3.3.3 Mapping the Damage Region ftresses into the
Euger!an orid

On each computational cycle the Eulerian cell stresses ‘
are defined by the following procedure. First the stresses
of each damage region are computed by the NAG-FRAG subroutines
DFRACT and/or BFRACT. Next the HELP subroutines determine the
stress state of the material in all of the Eulerian cells.
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REVISED HELP MODEXL. POR INCIUSION QF THE NAG-FRAGC FAILINE CRITERION

IN FREE SURFACE AND MULTIMATERIAL CELLS

TABLE 3.1. MODIFICATIONS TO THE COMPUTATION OF STRESSES
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Next, if the stress state of undamaged material in an Eulerian
cell satisfies the NAG-FRAG failure condition, a new damage
region is created to redefine the stress state ~f this newly
formed damage region. Finally, the stresses c{ all the damage
regions (old and new) are mapped into the Eulerian grid, thus
altering the stress state of those cells containing damaged
material. For example, the final cell pressure, . Of a
single materiai, pure cell is defined as follows:

r
p® if the cell contains only
undamaged material
£ L VpPy
R = £ ——pply if the cell contains only
I Vn damaged material
vep® + ng i if the cell contains both
‘ damaged and undamaged
~ Veell material
where
V: = the volume common to the nth damage region and to
the cell
v® = the volume of undamaged material in the cell
Pﬁ = the pressure in the nth damage region

P® = the pressure of the undamaged material in the
cell.

The volume, V l, comuon to a given damage region and a given
cell is compugod using the current positions of the damage
region tracer particles (which define the boundary of the
region) and the fixed boundaries of the cell. These partial
volumes are computed every computational cycle for every
cell which contains the boundary of one or more damage regions.
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4. AUXILIARY IMPROVEMENTS TO THE HELP CODE

Three auxiliary improvements were made to the HELP code
as the NAG-FRAG failure models were incorporated and tested.
Options were added for making the top and right grid boundaries
either transmittive or reflective, and for adding either, or
both, a linear and a quadratic artificial viscosity term to
cell boundary stresses. Further, the a-¢ phase transition in
the Hugoniot of iron in compression was implemented into the
iron equation of state. These improvements will be described
in the sections that follow.

4.1 ADDITIONAL REFLECTIVE GRID BOUNDARY OPTIONS

In the 1975 documented version of HELP, the left grid
boundary, which is an axis of symmetry when cylindrical coordi-
nates are used, is always reflective, the bottom grid boundary
can be either transmittive or reflective, and the right and
top grid boundaries are always transmittive. (The transmittie
and reflective grid boundary conditicns are described in detail
in Chapter III of the 1975 documentation of HELP (Reference 2].)
The tapered flyer plate plane-strain calculations, which were
performed in order to test out the implementation of the NAG-
FRAG failure models, required that the right as well as the
left grid boundary be reflective. Thus the option to have the
right and top grid boundarsies be reflective was implemented,
even though the reflectiv: boundary condition was regquired only
on the right.

In the new version of FELP, therefore, the user dictates
the condition of the bottom, right and top grid boundaries when
defining the 2-block variables CVIS, CVISR, and CVIST, respec-
tively, in the input deck. A zero value (which is the default
value) indicates a transmittive condition; whereas, -1. indicates
a reflective condition. (Note: The opposite convention is
used in the other versions of HELP, wherein -l. indicates a
transmittive boundary condition. Also, the location of CVIS
in the 2-block has been changed from 27 to 125.)

4.2 LINEAR AND QUADRATIC ARTIFICIAL VISCOSITY
The form of the artificial viscosity added to cell
boundary stresses in the NAG-FRAG version of HELP is more accu-

rate than that used in the standard 1975 version of the code.

The expression for linear artificial viscosity when
applied, for example, to the right cell boundary is of the form
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- ottt /RS
QL QLIN*c*p*/A *RR

QLIN = lihear,artificial viscosity ccefficient
c = gound speed
p = material density
A = cell area = AR*AZ
¢ = normal strain rate in R direction.

In the 1975 documented version of HELP, this expression was
simplified by assuming AR = AZ, Q; 1y = 1 and ¢ = /F/p which
led to

Q = /F;' * [u(k+l) - u(K)] .

Such a sound speed calculation is suitable for an ideal gas
(in which ¢ = /¥y F/p) but a poor approximation for materials
represented by a Tillotson equation of state.

The linear artificial viscosity used in the NAG-FRAG
version (1) does not require square zoning, (2) applies a
user defined coefficient QLIN = 2(93) and (3) uses a more
accurately calculated sound speed:

Cs for a Tillotson equation of state (materials 1-19)

cC =
l/ig for an ideal gas or JWL equation of state
P (materials 20-~25)

In additicn, a quadratic artificial viscosity term,
QQ, may be added in compressing regions:

Qy ® QQUAD*p*A* (Ep)?

where QQUAD = Z(94) is defined by the user.  (NOTE: since
the use of artificial viscosity is now governed by the input
variables QLIN and QQUAD, the formerly used input flag LVISC
has been deleted from the Z-array.)

4.3 IMPLEMENTATION OF THE a-¢ PHASE CHANGE IN IRON

In addition to the specific work involving the frag-
mentation models, the equation of state for iron has been
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modified to account for the a-¢ phese change that occurs at
pressures in the vicinity of 130 kbars. This modification

was made since any failure model depends on dynamic quantities
calculated from the constitutive relation, and the accuracy
with which BFRACT and DFRACT predict fragmentation in rolled
homogeneous armor and penetrator steels is therefore highly
dependent upon the accuracy of the constitutive ‘model over the
entire range of stresses and pressures expected.

The usual form for the equation gf state employed in
the HELP code is that due to Tillotlon[ modified to give a
smooth transition between condensed and expanded states. For
t>e condensed states, i.e., when p/po >1, or for any cold
states, E < E' the equation of state has the form

p=pc=a+Tb— Bp+Au+Bu2 . (1)
— + 1
Eon

For expanded hot states, i.e., when p/p <1 and B < E;, the
equation of state has the form

2
-g(v/v_-1) -a(v/v_-1)
P=Pg = aEp + ———hEQ——-+ Ape e e oy . (2)

——7'0'1

A smooth transition between the condensed and expanded states
is insured by a transition equation for the intermediate
region defined by E_ < E < E° and p/p_ <1, This blended
portion of the equation of sfate has The form

(E - E )p. + (EZ - E)p
p = - - (3)
8

Ir. Equations (1) through (3) p, E and p are pressure, speciflc
internal energy, and mass density, respectively, n=op/p
p+l=v /v, and o, a, b, E_, E_, E + A, B, a-and 8 ar® con-
stants fof the part?cular mat8rial.

The material parameters employed in the Tillotson
equation of state for iror are given in Table 4.1.

The Tillotson equation of state for compressed states
of iron may also be written as
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TABLE 4.1. MATERIAL PARAMETERS FOR IRON
MATERIAL

STEEL

PROPERTY
g bo (g/cma) 1. 7.856

A (dynes/cmz) See Text
B (dyncs/cmz) See Text
a 0.5
b 1.5
o 5.0
8 5.0
E, (ergs/qg) 9.5 x 1010
E, (ergs/q) 2.44 x 101°
E, (ergs/q) 1.02 x 10t!
G (dynes/cmz) 8.0 x 10
Yo (dyne-, /cm ) 6.0 x 109
Y, (dynes/cm ) 0
Y, (dynes/cmz) 0
£, (args/q) 1.3 x 1010
S* (dynes/cmz) 3.8 x 101°

*S = Spall strength.
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1l + E
R |
Eon

P = f(c) + |a +

where the appropriate form of £(p), for n21.0 is

b
f(p) = Py- la+—=—|° E . (5)

H
1+ —
En

The second term in the expression for f(p) insures that the
pressure P will be equal) to the Hugoniot pressure, PH' when
the energy E is equal to the Hugoniot energy, EH' /

The analyt*s fit to the Hugoniot of iron in compression
as given by Mader ] was modified for use in the HELP code.
The a-¢ phase transition is bridged by a two-piece analytic
fit which mair<ains continuity of the pressure and its first
derivative along the Hugoniot curve. The resulting approxi-
mate equaticn of state assumes that the phase change is
instantaneous.

For low pressure states (0 < PH < 125 kbar) the analytic
fit to the Hugoniot is

2
Py = %Cor > , (6)
(1 - Sze)

where

b, = 7.856 gm/cm>

5
Col = 4,63 x 10° cm/sec

Sz = 1,275

and
e =] - oo/p
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Equation (6) for the pressure in dyno/cn2 isa valid for the
range of specific volumes

0.11929584 < V < 0.12729124 = l/po .

For the pressure range from 125 kbar to - 140 kbar, the
Hugoniot pressure is fitted as

Py=A+ 8 (V) +C, av)? + Dy (av) 10 (7)

where

140 x 10°
B=-4.0 % 10%2
2.383828348 x 10

>
"

14

(L)
"

- 6.060826938 x 1034

=
]

AV & V - 0.1162

and the range of specific volumes is

0.1162 < V < 0.11929584 .

lur the pressure range from 140 kbar to 155 kbar, the
Hugoniot pressure is given by

2 10
Py=Aa+ B (aV) + Ch (av)© + Dy (av) (8)

with A and B as before and
b = - 7.090650579 x 1013
D, = 1.224016343 x 10%% .

AV 2 V - 0.1162

C

The range of specific volumes is .

0.11335815 < V < 0.1162
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For the pressure range 155 to 364 kbar, the analytical
fit to the Hugoniot is

with

2 €
= o C —
o oh (1 - She) ’

7.856 gm/cm3

= 3.20 x 105 cm/sec

2.25

‘l‘po/p '

and the range of specific volumes is

0.1

055 < v £ 0.11335815 .

(9)

For pressures from 364 kbar to 457 kbar the following
equations are suggested.

For volumes in the range

0.1

030 < V < 0.1055

the Hugoniot pressure in (dyne/cmz) is

Py

with

o 0O w Y

AV =

= A+ B AV) + C (AV)2 + D (AV)

3

3.6432733 x 10!
.13

- 3.7667780 x 1)
- 1.712352 x 10
3.6615110 x 1016
V - 0.1055" .
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For specific volumes
V < 0.1030

the Hugoniot pressure is
Py = P Co —Et—x (11) :
(1 - Sg)
with .
7.856 gm/cm]
3.78 x 10° cm/sec

N ©
n [ ]

1.652
€e®1-p./p 3

(72}
]

For presiures in the range 0 2 P < 125 kbar, or equivalently,
for volumes in the range

0.11929584 < V < 0.12729124
the Hugoniot energy is computed with

E, = % P

' v, -V (12)

H

where

v6 = 0.12729124
For the volume range
0.1066867 < V < 0.11929584

the energy is computed from

1
Py (Vo = V) 3 (By +Py) (V) = V) (13)

N

EH L
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with

11

= 1.25 x 1011 ayne/cm?

P
v, = 0.11929584 cm’/gm . .

For the volume less than 0.1066867, Equation (12) is
used to compute the Hugoniot energy.

The modified Hugoniot for modeling the phase change in

iron is plotted in Figure 4.1 for the pressure range between 0
and 400 kbar and a magnified plot of t fits to the transition

region is given in Figure 4.2.

For condensed iron at pressures less than 0 kbax the
form of the f(p) equation is

£(p) = Au + Bu? (14)
where
A=1.28 x 10%2
B=1.05x 101% .
4]
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Figure 4.1, Hugoniot for iron. .
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S. APPLICATIONS OF THE NAG-FRAG DUCTILE
AND BRITTLE FAILURE MODELS

The NAG-FRAG version of the HELP code has been applied
to three situations:

1. an 1145 aluminum tapered flyer plate impacting
a target of the same material,

2. an iron tapered flyer plate impactirg a target
of the same material, and

3. the fragmentation of a cylindrical iron shell
containing a detonated high explosive (COMP-B).

The aluminum was treated as a ductile material in the
first calculation and the iron as a brittle material in the

second and third. Thus both of the NAG-FRAG models BFRACT and

DFRACT were exercised.

The results obtained from these calculations were then
compared with those obtained by SRI with the Lagrangian HEMP
and PUFF codes.

5.1 1145 ALUMINUM TAPERED FLYER PLATE IMPACTING AN
1145 ALUMINUM TARGET

A two-dimensional Lagrangian calculation simulating th
impact of an 1145 aluminum tapered flyer plate on a target of
the same material usi?g the ductile failure model DFRACT has
been reported by SRI. ] This calculation has been repeated
using the same failure model in the HELP code.

A description of the target and flyer plate configurat
along with the zoning used in both the Lagrangian and HEMP
calculations are shown in Figure 5.1. The material propertie
and fracture parameters used in the cal~ulation are given in
Table 5.1.

In the HELP calculation several options were considere
concerning the treatment of the target-flyer plate interface:
(1) not allowing tensile pressures in interface cells, (2) al
ing tensile pressures but not allowing separation at the inte
face and (3) removing the flyer plate when the interface firs
becomes tensile. It was found that the third option gave the
closest agreement with the Lagrangian cal:ulation. (In the
Lagrangian calculation interface separation was permitted,

e

ion

d

low-
r-
t

hence this option appears the most appropriate.) Also, several

44



o3e1d 19413 poxadel wnutunye ¢pIT I0J suorreanbrjuodo prab pue suorsuamiq

(d'1an)
uoyleInbyjuod PIID S

(dRaH)
uoyzvINBIFUOD PTIO IYS

r—
.““l“J

‘suotrjernored joedur

93vTd 19L1d puw

3ebael wnutwWNIY SPIT
30 sSuoysuswuygd TPTITUI

je—— wo gzese

T

WO BLSTS

o

{ | ses/mo Lot x g9°1 =

*1°s @anbra

i

A

68LO°

Wwo 9STIE”

45



TABLE 5.1. MATERIAL CONSTANTS AND FRACTURE
PARAMETERS FOR 1145 ALUMINUM

SYMBOL VALUE ‘ DEFINITION
A 760 kbars ) Coefficients in the Mie-Gruneisen
equation of state '
B 1500 kbars 2 3 r
FP = (A + Bp” + Cu7) (1l - 3 u) + IpE
o 0
= (p/o, = 1)
r 2.04
G 300 kbars Shear modulus
Y 1.1547 kbars Yield strength in shear
Py 2.70 gm/cm3 Initial density
f% -0.01 cmz/dyne/sec Void growth constant
Pgo -4.0 kbars Void growth threshold
R 1074 cm Void nucleation radius parameter
ﬁo 3.0 x 109/cm3/sec
Parameters for void nucleation
RS =3.0 kbars . . (P-p__) /P,
N-Noe
Pl -0.4 kbars J
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levels of linear artificial viscosity were tested in the HELP
code. Although the results were generally smoother, the damage
levels were significantly reduced when the artificial viscosity
was added. Accordingly, in the HELP calculation whose results
are presented here no artificial viscosity was added ané the
flyer plate was removed at about 0.71 us.

Since the rate of both void nucleation and growth is a
strong function of tensile stress, any spurious behavior in
the stress field might well lead to a prediction of very high
localized damage. On the other hand, while artificial viscosity
is effective in damping out such behavior, it was found in the
test case to significiantly alter the damage throughout the
entire grid. Experience suggests a reasonable means of treating
this problem might be to require the tensile stress to exceed
the nucleation threshold for several cycles before allowing
material to fail.

A measure of the dynamic response of the targzt free
surface to flyer plate impact is given by Figure 5.2 in which
the average velocity across this surface is plotted as a
function of time for both the Lagrangian and HELP calculations.

Two measures of target damage level, the void volume
fraction and the number of voids per cm”?, as computed by the
HELP code are shown in Figures 5.3. and 5.4 at time< 0.93, 1.17,
and 1.62 ys. (Corresponding values of these quantities ob-
tained from the HEMP calculation at 1.46 us are shown in
Figures 5.5 and 5.6). It may be noted that the areal extent
of damage increases little after 0.93 us. However, the level
of damage increases due to both nucleation and growth of
voids. The damage levels existing in both the SRI and s3
calculations after target recompression, during which the
damage level remains constant, is shown in the surface plots
of Figures 5.7 and 5.8.

5.2 ARMCO IRON TAPERED FLYER PLATE IMPACTING ON ARMCO
IRON TARGET

SRI reported[ﬂ a second 2-D Lagrangian impact calcu-
lation simulating the impact of ar Armco iron tapered flyer
plate on a target of the same material using the brittle
failure model BFRACT. This calculation was repeated using
the same failure model in the HELP code.

A description of the target and flyer plate configura-
tion along with the zoning used in both the Lagrangian (HEMP)
and Eulerian (HELP) calculations are shown in Figure 5.9. The
material properties and fracture parameters used in the cal-
culation appear in Table 5.2.
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Figure 5.3. Relative void “olume of damage regions at three

times after impact in the 1145 aluminum flyer
(Humbers shown are to be

plate calculation.

multiplied by 10-°¢,)
and thick end of flyer plate is at right.
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Figure 5.4, Number of voids per cubic centimeter in damage
regions at three times after impact in the 1145
aluminum flyer plate calcunlation, (iumbers
shown are to be multiplied by 10°.) Impact
plane is at bottom, and thick end of flyer plate

is at right.
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Figure 5.5 Relative void volume of material in the 1145

aluminum target at 1.46 us after impact as
computed by the Lagrangian (HEMP) code
bers shown are to be multiplied by 10~ 5
Impact plane is at bottom, and thick end of
flyer plate is at right,
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Figure 5.6 Number of voids per cubic centimeter of material
in the 1145 aluminum target at 1.46 pus after im-

pact as computed by the Langrangian (HEMP
(Numbers shown are to be multiplied by 10

5 code.

Impact plane is at bottom, and thick end of flyer
plate is at right.
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TABLE 5.2. MATERIAL CONSTANTS AND
FRACTURE PARAMETERS FOR ARMCO IRON

SYMBOL >VALUE DEFINITION
A 1589 kbars )} Coefficients in the Mie-
Gruneisen equation of state
B 5170 kbars r P = (Ap + Bu2,+ Cu3)(1 ;| g ) 4T oE
C 51700 kbars b= (/o = 1)
r 1.69 J
G 819 kbars Shear modulus
Y 6.062 kbars Shear yield strength
Po 7.85 gm/cm3 Initial density
f% ~0.00012 (cmz/dyne/sec) Void grewth constant
9 e 0.0 Void growth threshold
Rn 0.004 Void nucleation radius
parameter
&o 5.0 x 108 ) Pparameters for void nucleation
! (O =7 ) M
11 e ¢¢v "no 1
T 11.2 kbars f N No e
o, ~0.74 kbars )

TSR(1() 0.25

TSR(11) 1.0 Fragmentation parameters
''SR.12) 0.2 provided by SRI

TSR(13) 1.0
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As in the aluminum flyer plate calculations, the iron
flyer plate was removed when the projectile-target interface
first became tensile in both the HEMP and HELP calculations.
The separation occurred at about 1.32 ps.

To get the best agreement between the HEMP and HELP
results, both linear and quadratic artificial viscosity terms
were added to the cell bhoundary stresses in compressing regions
of the HELP grid; in the expanding regions only the linear
viscosity term was added. The form of the artificial viscosity
in tliis version of HELP is described in Section 4.2. The linear
and quadratic coefficients used in this calculation were 0.1
and 4.0, respectively.

Three measures of damage in the brittle target material,
the number of cracks per cm3, the void volume fraction, and
the fraction of fragmented material, as computed by HELP, are
shown in Figures 5.10, 5.11 and 5.12 at times 1.18, 1.46, and
2.11 us. (Corresponding values of the number of cracks per
cm3 and the fraction of fragmented material as computed by the
HEMP code are shown in Figures 5.13 and 5.14 at 1.24, 1.51 aud
2.33 us. The void volume fraction was not an edited quantity
in the HEMP calculations.) It is evident from these figures
that failure begins at the end of the plate impacted by the
thin part of the flyer. This is expected (and actually occurs
in the aluminum impact calculation as well) since the rarefac-
tion wave from the free surface of the flyer has less far to
travel at the thin end. Although the damage first appears at
the so-called thin ond, the greatest damage is ultimately in-
curred at the end impacted by the thick part of the flyer.
These figures alsc reveal a significant increase in the damage
and fragmentation of the target near the thick end of the flyer
between 1.46 and 2.11 us; whereas, the damage at the chin end,
due to both nucleation and growth of cracks, dces not increase
significantly after 1.46 us.

The surface plots of Figures 5.15 and %.16 show the
nuaber of cracks and the amount of fragmentation predicted
by the Lagrangian (HEMP) code and the Eulerien (HELP) code at
2.33 and 2.11 us, respectively. Although the HELP calculation
predicts a slightly larger number of cracks per cm3 near the
thin end of the flyer, and somewhat more damnage near the back
free surface of the target, the regions of complete fragmentation
and the concentration of cracks at the high damage end, as
predicted by the two codes, are in very good agreement.

5.3 FRAGMENTING MUNITIONS

A 1-D calculation was performed with the NAG-FRAG
version of HELFI' in which the expansion and subsequent failure
of an infinitely long iron cylinder filled with detonated COMP B
exvlosive was simulz=ted. In order to verify the HELP prediction
of failure near the free surface of the cylinder, the results
were compared with those obtained by SRI using the 1-D PUFF code.
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t = 1.46 .S
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Figure 5.10. HNumber of cracks per cubic centimeter in damage

regions at three times after impact in the Armco
iron flyer plate calculation.
at bottom and thick end of flyer is at left. |
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Figure 5.1). Void volume fraction in damage regions at three
times after impact in the Armco iron fiyer plate
calculation, Impact plane is at bottom and thick
end of flyer is at left. Values of -2.0 correspond
to regions that are completely fragmented.
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Figure 5.12.

The fraction of fragmented material
regions at three times after impact
Armco iron flyer plate calculation,.

plane is at bottom,
at left,
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Figure 5.13 Number of cracks per cubic centimeter of material
in the Armco iron target at three times after im-
pact as computed by the Lagrangian (HEMP) code.

Impact plane is at bottom, and thick end of flyer
plate is at left.
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{ 0.0 0.0 0.0 | 0.0 | 0.0 0.0 0.0 0.0 o9 | 0.0
a0 0.0 0.0 0.0 0.0 o0 | o0 0.0 0.0 0.0 t = 1.51 us
0.0 0.0 0.0 e.0 | o.0 0.0 0.0 0.0 0.0 | 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 | o0
0.0 0.0 0.0 0.0 | o.0 0.0 0.0 0.0 0.0 | o0
0.0 0.0 0.0 0.0 | o0 0.0 0.0 0.0 0.0 | 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 Jo.o o po o .o
0.11 Jo.0662 |0.009s Jo.0 Jo.o lo.a I-.e |o.o lo.o poo
0.9792 | 0.9260 |0.9370 |o.s01¢ Jo.7604 Jo.7212 Io.un I'.SN! le.uu I"”"
0.99%6 | 1.0 1.0 0.99% |1.0 1.0 L9994 Jo.99s¢ In.om Io.ous t = 2.33 us
0.9960 J0.9908 |1.0 1.9 1.0 0.992% fo.9994 1.0 ]o.uu Io.nn
0.9901 }1.0 1.0 1.0 1.0 1.0 1.0 Jo.eree Joisenr |o.sus
1.0 1.0 1.0 1.0 1.0 0.9027 fo.6113 [0.39%9 fo.23%0 |o.uu
1.0 1.0 0.019 |o.5649 Jo.323s Jo.120) Jo.0 l-c
0.3977 ] 0.3142 | 0.1907 Jo.0875 Jo.2 0.0 0.0 0.9 0.0 Io.o
Figure 5.14 The fraction of fragmented material in the Armco

iron target at three times after impact as com-
puted by the Lagrangian (HEMP) code. Impact plane
is at bottom and thick end of flyer plate is at
left.
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The dimensions of the explosive and iron and the grid
configurations used in the PUFF and HELP calculations appear
in Figure 5.17 (HELP requires a minimum of three rows in
the grid.) The material constants for the iron are given in
Tablie 5.3. In both calculations the COMP B explosive was
detonated simultaneously at time t = 0 by setting the initial
specific internal energy of all explosive cells to 4.469 x 10
ergs/g. The pressure of the COMP B was derived from a gamma-
law equation of state, with y = 2.841.

10

The iron begins to fail, in both calculations, at the
free surface at about 6 us. Both codes predict significant
damage to the outer ring of the cylinder. At 9.6 us HELP
predicts that the damage extends into the cylinder wall 0.745 cm
from the free surface; at 11.7 us PUFF predicts the damaged
material extends 0.826 cm into the cylinder from the free sur-
face.

Figures 5.18 through 5.20 show the number of cracks,
the average crack length and the fraction of fragmented material

in each damage region as computed by HELP at three times after
the cylinder begins to fail.
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TABLE 5.3. MATERIAL CONSTANTS AND FRACTURE
PARAMETERS FOR IRON CYLINDEKk

SYMBOL VALUE DEFINITION
A 1589 kbars ] Coefficients in the Mie-
Gruneisen equation of state
B 5170 kbars 2 3 r
tP = (Au + Bu“® + Cu-)(l-fu)+rpE
C 51700 }.bars
W= (p/p, - 1)

r 1.69 )

G 772.9 kbars Shear modulus

¥ 5.774 kbars Yield strength in shear

Oo 7.85 gm/cm3 Initial density

3 5.5 10-5 2 . , .

r -5.5 x cm”/dyne/sec Void growth constant
Pgo -0.10 kbars Void 4rowth threshold

R 4 x 1073 cm void nucleation radius paramerer
&o 6.0 x loa/cm3/qec

’Parameters for void nucleation
Po -9.0 kbars . . (P-P__) /P
N=N e no 1
P, -1.3 kbars ) °©
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Iron » Void
A
t = 6.2 us
‘.9 R .8 48] 145 % 4
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t =7.9 us
'R LJ .4 :u;-n. .8
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g 3.9 3| n.4 0. R ]
A
t =9.6 us

Figure 5.18. Number of cracks as computed by the HELP code at
three different times after detonation in the 1-D
fragmenting round calculation.
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Figure 5.19. Average crack length as computed by the HELP code
at three different times after detonation in the
1-D fragmenting round calculation.
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Figure 5.20.

Fragmentation fraction as computed by the HELP
code at three different times after detonation

in the 1-D fragmenting round calculation.
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APPENDIX A
USER'S GUIDE TO THE VERSION OF HELP
WHICH EMPLOYS THE NAG-FRAG FAILURE MODEL
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The documentation presented in this Appendix serves
as a supplement to the 1975 documentation of the HELP code
(Reference 2). Diagrams representing the organizational mod-
ifications as well as descriptions of new subroutines and
new input variables are presented in the sections that follow.
Additionally, this writeup provides an algorithm for esti-
mating the core storage requirements of a given configuration.

A.l ORGANIZATION MODIFICATIONS TO THE HELP CODE

The motivation for reorganizing parts of the HELP code
has been given in Section 3 of this report. As indicated
there, the division into three phases, a hydrodynamic phase,

a strength phase, and a transport phase has been reduced to

two phases by combining the effects of t cell pressures and
the cell deviator stresses. Also, the Eulerian cell stresses
are modified to reflect the existence of damaged materials by

a procedure which maps the stresses of the Lagrangian damage
regions into the Eulerian grid. Finally, the transpert phase,
including the motion of the tracer particles, is executed in
two directional passes. These modifications can be seen in
Figure A.l by comparing the flow diagram of the 1975 documented
HELP code with the flow diagram of the present NAG-FRAG version.

A.2 NEW SUBROUTINES

In addition to the BFRACT and DFRACT subroutines pro-
vided by SRI, several additional subroutines were created to
accomplish the modifications mentioned above as well as to
generate and update Lagrangian damage regions. These added
subroutines are listed in alphabetical order and briefly
described in the paragraphs below. Detailed flow diagrams of
SCALC, MIXDMR and PURDMR, the major routines which process
the damage regions, appear in Figures A.2, A.3, and A.4.

ADJ1D (called from MIXDMR)

Subroutine ADJ1D is called in place of CALFRC, VOLFND
and INTSAV in 1-D calculations (JMAX=3) to enlarge and reduce
existing damage regions.

BFRACT (called from DAMAGE)

Subroutine BFRACT was provided by SRI to compute the
pressure, deviatoric stresses and damage parameters of brittle
materials that have satisfied the BFRACT failure condition.
Chapter 2 of this report describes the BFRACT failure con-
ditions as well as the algorithms for crack nucleation and
growth.
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Block diagram of subroutine PURDMR.
common variables defined in SCALC.)

Figure A.3.
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DAMAGE (calleda from MIXDMR, PURDMR and SCALC)

This subroutine is called from SCALC each computational
cycle (provided at least one damage region has been generated)
to update the properties of all damaged material. It is also
called from MIXDMR and PURDMR whenever a new damage region
is created or an existing damage region is enlarged.

Subroutine DAMAGE computes the strain increments, a
rotation increment, a new relative volume (or density) and
an estimated new internal energy for the damage region(s).
These quantities are used by the NAG-FRAG models to update
the pressure, deviatoric stresses, number and size of voids
o1y cracks and fragmentation data which are then mapped into
the Eulerian grid.

DFRACT (called from DAMAGE)

Subroutine DFRACT was provided by SRI to compute the
pressure, deviatoric stresses and damage parameters of
ductile materials that have satisifed the DFRACT failure
condition. Chapter 2 of this report descrihes the DFRACT
failure condition as well as the algorithms for void nuclea-
tion ani grcwth.

DVOL1D (called from CALFRC)

Subroutine DVOL1D if called instead of VOLFND in 1-D
calculations (JMAX=3) to compute the volume of a cell that
belongs to a given damage region.

DVSTRS (called from SCALC)

Subroutine DVSTRS updates the cell-centered deviatoric
stresses of the pure Eulerian cells and the deviatoric stresses
of each material in the multimaterial Eulerian cells. Basically,
this subroutine replicates the first half of the SPHASE sub-
routine in the unmodified HELP code. However, unlike the
earlier version of HELP, the deviatoric stresses of each
constituent. of a mixed cell are computed separately; (previously,
the yield strengths and shear moduli of the constituents were
averaged, and the same average stress stat: was associated
with all of the materials in a mixed cell). A better definition
of the stresses of the ccnstituents in a mixed cell was
necersitated by the separate application of the NAG-FRAG
failure conditinn tc each constituent of a mixed cell.

79




EDOT (called from DVSTRS)

Subroutine ED%S cgmpugﬁt theagpatial derivatives of
the velocity field (43, <o, and ) used in the computation
of the deviatoric strainggﬁcngcnts or a given pure cell or
for one of the materials in a given multimaterial cell., Near
the material interfaces, the difference equations are modi-
‘fied so that the derivatives are based only on the velocity
field within the given ‘-aterial package, as illustrated below:

- Pure cells: Interface cells:
N
KL | X KRI Materjal A | KL K\t(R Material B
XkL %Xk *kr
(2u) kr~UkL, () - i‘" L
x! Xpep=Xxp ox/p  Xg=Xpp

INTSAV (called from VOLFND and CALFRC)

‘Subroutine INTSAV is called when an existing damage
region is being reduced or enlarged, i.e., when the undamaged
material in a partjally damaged cell has satisfied the failure

criterion:
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Enlarge Reduce Lixisting

Existing Damage Region;
Damage Create a New
Region Region

"’hen a damage region is being either enlarged or reduced,

INTSAV removes ' the damage: tracers that are interior to the
failed cell and adds the appropriate intercepts and corner
points which have been defined by VOLFND and stored in the
XT, YT arrays. The identification of the beginning and end-
ing points (IBGN,IEND) of each subsequent damage region are
adjusted to accouvat for the tracers added and deleted in this

process.

The intercepts of the reduced damage region with the
failed cell are saved by subroutine INTSAV and added by sub-
routine NWTCR to the string of tracers defining the new damage
region.

Finally, when a single material in an interface cell
fails, subroutine iINTSAV stores - in the XTS,YTS arrays -
the material interface tracer coordinates and the included
corner points as defined by VOLFND and CALFRC.

INTSAV is called from subroutine CALFRC only if the

region being enlarged lies entirely inside the failed cell.
In this case CALFRC defines the boundary of that region to
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be coincident with the cell boundary by placing five of its
tracers at the cell's corners. INTSAV removes the remaining
tracers for that region heyond the five defined by CALFRC

and adjusts the counters of the subsequent regions accordingly.

MIXDMR (called from SCALC)

When a single material in an interface ("mixed") cell
satisfies the NAG-FRAG failure criterion, subroutine MIXDMR
is called either to create a new damage region or .o enlarge
an existing region. In either case one or more existing
damage reqgions may be reduced.

Material
Interface

| create a New
Region; Reduce
an Lxisting
Region

Existing
Damage

J Enlarge an
Region

The enlargement or reduction of an existing damage
region is accomplished by adding and/or deleting appropriate
damage tracer particles, recomputing the region's volume and
mass, and, in the case of enlargement, averaging the stresses
and failure parameters of the added material with those of
the region before it was enlarged.

The tracer strings of the modified regions are rede-
fined by making use of the mechanisms of CALFRC and VOLFND to
identify the intercepts of the damage region boundary with
the boundaries of the cell and to identify which cell corners
lie in the interior of the region. Subroutines CALFRC, VCLFND
and INTSAV exaﬂine the value of the variable NCALL to discern
whether the NN region is being reduced or enlarged.
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In MIXDMR a region is enlarged to encompass only a
single material in a cell, i.e., not the whole cell. The
procedure for doing so is broken down into two steps, each
requiring a call to CALFRC and VOLFND. , First, the damage
tracers interior to the cell are removed and the cell corner
points and intercepts, identified by CALFRC and VOLFND, are
added by INTSAV as if the entire cell volume were being
incorporated into the region. Next, a set of tracers which
coincide with the interface tracers of the failed material
that are interior to the cell and the intercepts of the
material interface witl: the cell boundary are -added to the
tracer string and the exterior cell corner points are-deleted.
Agajin, the interior points, the intercepts ang included corner
points are defined by CALFRC and VOLFND.

x Material Tracers

e Damage Tracers

STEP I
1. Interior damage tracers deleted.

2. Intecrcepts of damage regioan
boundary and cell corner
points added to encompass
entire ccll,

STEP II

1. Intercepts of material intcer-
face and 'duplicates of interior
material tracers added

2. Exterior cell coirncr points
deleted.
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The reduction of a damage region, on the other hand,
is accomplished by a single call to CALFRC and VOLFND. The
damage tracers interior to the failed cell are deleted and
the intercepts and included correr points, as defined by
CALFRC ‘and VOLFND, are added.

The steps outlined above are presented in greater
detail in Figure A.2 which is an illustrated flow diagram
of subroutine MIXDMR.

NWDFLG (called from VOLFND and MIXDMR)

When the boundary of a damage region first intersects
a cell, subroutine NWDFLG is called to assign to that cell a
unique value of DFLAG and to initialize the locations of the
IDDR and DVOL arrays that will be associated with that cell.

The DFLAG array functions like the MFLAG array by
identifying cells that are exterior to all gamage regions,
(DFLAG (k) =0), cells that are interior to Nt damage region
(DFLAG(k)=N), and cells that contain the boundary of one or
more damage regions (DFLAG(k)>1000). In the latter instance,
the value of (DFLAG(k)-1000) is used to define the second
index of the IDDR and DVOL arrays which specify the identity
and volume of the damage regions that intersect the kt thi cel.

NWDFLG is called from VOLFND when a damage region
boundary moves ‘nto a cell that was previously interior to
a single region or was outside all damage regions., NWDFLG is
also called from MIXDMR when failure first occurs in an inter-
face cell and a damage region is created whose boundary coin-
cides with a material interface that intersects the cell.

NWTCR (called from PURDMR)

When a damage region is created from a pure cell that
was partially contained in one or more damage regions that
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are being reduced, the intercepts of those reduced regions
with the cell's boundary are saved in the INTRCP array and
added to the tracer string of the new region by subroutine
NWTCR

PURDMR (called from SCALC)

When the material in a pure cell that is not interior
to an existing danage region satisfies the NAG-FRAG failure
criterion, subroutine PURDMR is called either to create a
new damage region or to enlarge an existing region. 1In

either case one or more existing damage regions may be reduced.

If the cell is not already intersected by a .lamage
region, PURDMR simply places tracers for the new region at
the four corners of the cell and calls DAMAGE to define the
stresses and damage parameters of the newly failed material.

If less than half of the cell is already contained in
one or more damage regions, these regions are reduced and
the tracer string which defines the new damage region con-
tains the intercepts of the reduced regions as well as the
four corner points of the cell (see NWTCR).

If more than half of the cell already belongs to one
or more existing damage regions, then the region which en-
compasses the largest part of the cell is enlarged to include
all of the cell and the other regions, if there are any, are
r2duced.

Region N is reduced by CALFRC, VOLFND and INTSAV when
NCALL = =N and N # NLSAVE (NLSAVE is the number of the region
being enlﬁrged). CALFRC and VOLFND compute the intercepts
of the Nt region with the cell boundary and determine which,
if any, corner points lie between the entering and existing
sides. INTSAV adds these intercepts and corner points to the
string of tracers of the reduced region while it deletes the
damage tracers that were interior to the cell. PURDMR rede-
fines the mass of the reduced region.
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To enlarge a region, PURDMR sets NCALL = -NLSAVE and
calls CALFRC. The intercepts of the NLSAVE damage region
with cell (ISV,JSV) are computed by CALFRC; VOLFND identified
the included corner points. INTSAV redefines the tracer string
of the NLSAVE region to include these intercepts and corner
points and to exclude any damage tracers that were interior
to cell (1ISV,JsvV).

The illustrated flow diagram of subroutine PURDMR in
Figure A.3 provides the detailed steps in the procedure
described above.

SCALC (called from HELP)

Subroutine SCALC first calls DAMAGE to update the
stresses of the Lagrangian damage region. Thereafter SCALC
is concerned with the computation of the Eulerian cell
pressures and deviatoric stresses. Once the cell stresses
are updated by CDT and DVSTRS, the NAG~-FRAG failure criterion
is applied to those cells containing undamaged material.

When the stresses of one of these cells satisfies the failure
criterion, SCALC calls either PURDMR or MIXDMR, depending on
whether the newly failed material is in a pure or interface
("mixed") cell. PURDMR ard MIXDMR in turn either create

new damage regions or enlarge existing ones to encompass the
newly damaged material.

After the new damage regions have been created and,
in some cases, the existing ones modified, the stresses of
the damage regions are mapped back into the Eulerian grid as
described in Chapter 3.

A flow diagram of SCALC appears as Figure A.4.
TPHASE (called from HELP)

As part of the changes resulting from transporting
material in two passes: first radial then axial, or vice
versa, subroutine TPHASE was created to call the transport
routines, INFACE and TRNSPT for each pass and to set the
flag which indicates the direction of the pass. TPHASE
alternates the order of the passes each cycle: on odd numbered
cycles the first pass is in the axial direction; whereas, on
even numbered cycles the first pass is in the radial direction.

(NOTE: the TPHASE subroucine in the documented code
was renamed TRNSPT in the NAG-FRAG version.)

TRNVOL (called from TRNSPT)

The volume of material to be transported in one direc-
tion (radial or axial) across the boundary between two pure
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cells is computed by subroutine TRNVOL. As described in
Section 3.2.1 the volume is based on the velocity at three
positions, two on the cell edges parallel to the direction
of the transport, and one at the cell center.' ' (See Section
3.2.1.)

TRVOLI (called from DMCALC)

Subroutine TRVOLI performs the same function a sub-
routine TRNVOL, except one or both of the two cells is an
interface cell. (See Section 3.2.1.)

A.3 MODIFICATION OF EXISTING HELP SUBROUTINES

Major modifications were made to several of the existing
HELP subroutines in order to make available information
required by the NAG-FRAG failure model and also to improve
the synchronization of mass and tracer motion, the latter
being necessitated by the mapping of the Lagrangian damage
region stresses into the Eulerian grid. The modified sub-
routines are discussed below in alphabetical order.

CALFRC (called from INFACE, MIXDMR, PURDMR, SCALC, SETUPA)

In the documented version of HELP subroutine CALFRC
is called only from SETUPA to generate the interface cells.
(CALFRC together with VOLFND computes the volume of a given
material in an interface cell as well as the fractional area
of the right and top faces of the cell belonging to that
.aterial.)

In the present version CALFRC and VOLFND are used
extensively during the calculation as well as in the prob-
lem generation. CALFRC is called at least once each cycle
from INFACE to compute the partial volumes '‘and fractional
cell face areas of materials in interface (multimaterial and
free surface) cells. The partial volumes are based on the
position of the interface at the end of the time step. Thus
these volumes, together with the mass of each material at
the end of the time step (post-transport phase), determine
the new densities of the materials in interface cells.
(Previously, the new densities of materials in a multimaterial
cell were determined in an iteration which equilibrated the
materials' pressures; the densities of materials in a free
surface cell were not changed from the original donor cell
value unless the volume so defined exceeded the cell volume.)

Once at least one Lagrangian damage region has been
created, CALFRC is called from SCALC, MIXDMR and/or PURDMR
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to compute the volume of damaged material in cells containing
the boundary of one or more damage regions and to compute
appropriate intercepts and corner points for creating,.
reducing and enlarging the boundaries of existing damage
regions. The desired function to be performed by CALFRC is
indicated by the value of the blank common variable, NCALL,
as discussed below.

NCALL = 0 Compute the partial volumes and
fractional areas of materials in
multimaterial cells (INFACE, SETUPA).

NCALL

]

NLDR Compute the partial volumes of
damage regions in cells containing
damage region boundaries. (NLDR
is the number of damage regions
that have been created.) (SCALC).

NCALL ¥

-N (NSMXDMR) Compute the intercepts of the Nt
damagg region with cell ISV,JSV;
the N h damage region is being
either reduced or enlarged. (MXDMR
is the maximum number of damage
regions that can be generated.)
(MIXDMR, PURDMR).

NCALL

- (MXDMR+1) Compute the intercepts of the
NMSAVE material package boundary
with cell ISV,JSV. Store the
intercepts and included corner
points in the XTS,YTS arrays.
(NMSAVE is defined in SCALC) (MIXDMR)

When processing the damage region boundaries CALFRC
examines the damage region tracer arrays, XP, YP, instead of
the mnaterial interface tracer arrays, TX, TY. As indicated
above, the value of NCALL instructs CALFRC as to which arrays
to reference.

NCALL = 0
NCALL = - (MXDMR+1)

Material interface tracer

]TX'TY’ arrays are referenced.

NCALL = tN(O<NsbeMR»XP,YP Damage region tracer arrays
are referenced.

When CALFRC is called to compute the vnlume of damaged .

material in the Eulerian cells intersected by damage region
boundaries (NCALL = NLDR), the DFLAG array is redefined to
reflect the new position of the damage region boundaries.

For example, the DFLAG of those cells no longer intersected
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by a damage region boundary is set to zero or to an integer,
N, (<NLDR) depending on whether the cell is currently outside
all damage regions, or inside the nt region.

CALFRC defines NTST and NTND which are passed to VOLFND,
then INTSAV through an argument list when intercepts are
added to the tracer string of a damage region. NTST and NTND
identify the damage tracers after and before which the inter-
cepts are to be added to the string.

NTND

""" Cell (ISV,J5V)

Nth Damage

Region

HTST

First Tracer of String

Before the string is altered, however, CALFRC insures that

the beginning tracer of the string lies outside of cell(1Isv,

JSW which is either being added to or subtracted from the
damage region.

CDT (called from SCALC)

In both versions of HELP subroutine CDT computes the
pressures of the Eulerian cells, using the Tillotson equation
of state (see subroutine EQST), and the time step for the
current computational cycle using a Courant stability con-
dition wherein the sound speed is estimated from the updated
cell pressures. The difference in subroutine CDT in the two
versions lies in its treatment of multimaterial and free
surface cells.

In the NAG-FRAG version a pressure for each constituent
of an interface cell is computed independently. The mass
density of each constituent is derived from its current mass,
Mj, and from the location of its interface in the cell. The
1nterface, together with the boundaries of the cell, specifies
the volume of the material V;, and the density, p; is simply
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M./V,. The pressure associated with the center of an inter-
fice'cell is a volume weighted average of the pressures of
the cell's constituents.

This procedure is very different from that employed
in the documented version of HELP in which the position of the
interface has no influence on the density assigned to the
materials in a mixed cell. Instead the material densities
as well as the cell pressure are uniquely determined in an
iteration which adjusts the densities of the cell's constituents
until the pressures of the materials are equilibrated.

The two procedures give rise to equivalent stress
fields wb~n the materials of contiguous packages are similar,
e.g., metals, soils and polymers.  In many instances, however,
when a metal-air or soil-air interface is modeled, the revised
procedure, which does not attempt to equilibrate the pressures
of the constituents of mixed cells, is preferable. In the
present scope of work the revised procedure was chosen because
it tied the calculation of volumetric strain to the position
of the tracer particles in the Eulerian cells as well as in
the Lagrangian damage regions.

CMPRSN (called from SPHASE)

Subroutine CMPRSN calculates weighting factors that
are applied to cell-centered stresses when the stresses at
cell boundaries are being determined (in SPHASE). The
weighting factcrs prevent cells having relatively small
masses from being overaccelerated by more massive neighbor
cells. If this situation occurs primarily at the free sur-
face, it sufficies for the weighting factors to be "com-
pression," i.e., the gross density of the cell divided by
the reference density of the material. However, when a
calculation involves large density discontinuities between
material packages (e.g., metal-air interfaces) the "com-
pression” weighting of cell stresses does not adequately pre-
vent overacceleration of the less massive cells which contain
normal density air.

CMPRSN has been modified so that the user can specify
the gross density of a cell instead of its "compression"
to be the weighting factor in the calculation of cell boundary
stresses. An input variable, DENSWT, has been added to the
Z-block. When DENSWT = 1.0, CMPRSN returns the gross density
of the cell instead of its "compression."

DMADJ (called from INFACE)

The mass transport terms computed by DMCALC for inter-
face cells are adjusted by subroutine DMADJ to prevent a cell
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from being "overemptied” of a material and to exactly evacuate
a material whose interface has Zust left a cell.

Because the mass transport is executed in two passes,
the adjustment of the mass transport terms on the second
pass must only affect the terms associated with the direction
(axial or radial) of the second pass. Tests have been added
to DMCALC to perform the appropriate adjustments depending
on the pass number (NPS; and the direction of the pass (ID).

FLGSET (called from INFACE)

Subroutine FLGSET, which senses when a material inter-
face leuves a cell and sets the appropriate flags for that
material to be evacuated by DMADJ and in some cases for the
cell to be again classified as "pure," has been rewritten so
as to use the VOLM array to sense the presence or absence
of a material interface in a given interface cell. The VOLM
array, which stores the partial cell volume occupied by each
material in an interface cell, was not computed in the docu-
mented version of the code, and FLGSET relied on values in
the FRACRT and FRACTP arrays to determine whether or not an
interface still cut across a given coll. By using the VOLM
array, FLGSET has become a simpler and shorter subroutine.

FRACS

Subroutine FRACS has been removed. (See CALFRC, INFACE).
HELP (main driver of the HELP program)

The main driver routine of the HELP code has been
modified as indicated in Fiqure A.l. Briefly, the changes
reflect: (1) HPHASE has been combined with SPHASE; (2) a new
subroutine, SCALC, controls the computation of the pressures,
deviator stresses of the Eulerian cells as well as of the damage
regions; and (3) tle pressures are no longer recomputed when
the calculation is restarted.

HPHASE

Subroutine HPHASE has been removed. The effects of
cell pressures on cell energy and momentum are nc longer
accounted for in a separate computational phase of the cycle.
The pressures are added to the normal deviator stresses in
SPHASE and the effects of the total stress components are
computed there. This change arose from the need to con-
sider and modify both the pressures and the stress Jeviators
of damaged material before either was used in the momentum
and energy equations.
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INFACE (called from TPHASE)

Subroutine INFACE is called twice each cycle from
TPHASE, once for the radial pac.s and once for the axial pass.
Because the transport phase has been split into two directional
passes, it is less necessary to subcycle INFACE. Furthermore,
it is no longer possible to subcycle INFACE without subcycling
the entire transport phase of the cycle. Thus the subcycling
loop has been removed from INFACE although the subcycling
counters and tlags have been retained.

The fractional valumes and cell face areas associated
with the materials in interface cells are computed by CALFRC
and VOLFND instead of by FRACS (subroutine FRACS has been
removed from the program). INFACE calls CALFRC after the
transport terms have been computed (DMCALC) and afte:r the
tracers have been moved (MOVTCR). Thus the fractional areas
used to compute the transport terms are computed Hn the
previous call to INFACE. On cycle zero the fractional arcas
and volumes are computed as the mixed cells are generated,
i.e., when CALFRC is called from subroutine SETUPA.

INPUT (called from HELP)

The print statements and tape read statements in sub-
routine INPUT have been extended to include the damage param-
eters of the materials being mcdeled as well as the character-
istics of the Lagrangian damage regions that have Leen created.

The mechanisms for sliplines and automatic grid rezoning
have temporarily been deactivated by statements in INPUT which
override the input values of the Z-block variables, NOSLIP,
REZ, NUMREZ, IEXTX, and JEXTY.

MOVTCR (called from INFACE)

To better synchronize the tracer particle motion with
the mass transport, the density weighting of cell velocities
to arrive at tracer particle velocities was removed from sub-
routine MOVTCR. In addition, the liogic of MOVTCR was altered
slightly to accommodate the two directional subphases of the
transport phase: MOVTCR is called twice each cycle and moves
the tracers in only one direction.

SETUP (called from INPUT)

Subroutine SETUP reads input cards thet define the
TSR array for each material in the problem to which the NAG-
FRAG failure model is to be applied. The parameters which
govern the nucleation and growth of cracks (or voids) are
stored in the TSR array. Only those materials whose code
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numbers are 1 through 6 can utilize the NAG-FRAG routines
because the first index of the TSR array, which 1dent1f1es
the material, is dxmen31oned six.

SPHASE (called from HELP)

The modified SPHASE subroutine is essentially the
second half of the same routine in the documented version of
HELP. The first half has been replaced by subroutine DVSTRS.

Two additional options have been added to SPHASE.
First, the user can specify through a Z-block variable,
DENSWT, whether the cell boundary stresses will be a density--
weighted or "compression" -weighted average of the cell-
centered stresses. Second, -the user can activate the use of
a linear and/or quadratic artificial viscosity when it is
necessary to stabilize the stress field. The artificial
viscosity terms are added to the cell boundary stresses.

In the present version, SPHASE computes the effects
of the total stresses (pressure plus stress deviators) on
cell momentum and energy; whereas, in the documented version
SPHASE accounted only for the effects of the deviator stresses.

STRNG (called from DVSTRS)

Subroutine STRNG is called from DVSTRS to compute the
shear yield strength of a given pure cell or of a given
material in a mixed cell. Formerly, STRNG computed a volume
weighted average yield strength for mixed cells, but this is
no longer necessary in the current‘version, since the deviator
stresses of each material in a mixed-'cell are computed
independently. Similarly, STRNG no longer sets to zero the
yield strength of materials in free surface cells. The void
is accounted for in defining the cell-centered stress by
volume weighting the stress deviators of the constituents,
including the void.

TPHASE (called from HELP)

The subroutine called TPHASE in the Jdocumented version
of HELP has been renamed TRNSPT. The new TPHASE routine is
simply a driver routine which controls the two directional
passes of the transport phase.

VOLFND (called from CALFRC)
Normally VOLFND computes the fractional cell face

areas and fractional volume of ‘a given material in'a given
interface cell. - VOLFND takes the tracer particles that are
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interior to the cell and the intercepts of the interface
with the cell's boundaries (these are stored in the XT, YT
arrays by CALFRC) and determines which corners of the cell
are interior to the specified material package, thus creatlng
a set of points which circumscribe the part of the material,
package that lies inside the cell in question.

! : 2l
CALFRC VOLFND
Material Package Define Intercepts, Add JIncluded
: ‘Interior Points Corners., Com-

pute fractianal
‘cell face. areas
and volumes.

In the revised version of HELP these mechanlsms are
utilized by MIXDMR and PURDMR to modify existing damage
regions to include or exclude portions of cells that have
failed. They are also used to compute the volume of damaged
matarial in those cells containing the boundary of one or
more damage regions.

When VOLFND (which is always called from CALFRC) is
being used to enlarge or reduce an existing damage region, it
bypasses the calculation of fractional areas and volumes.
After identifying the appropriate cell corner points and
adding them to the XT, YT arrays, VOLFND calls subroutine
INTSAV. Which corner points are chosen in these cases depends
upon whether a region is being reduced or enlarged. ,When the
damage region is being reduced the array of interior points
and intercepts provided by CALFRC is unaltezed and the same
corner points are chosen by VOLFND as would be chosen if the
points belonged to a materia’ interface rather than to a
damage region boundary. On the other hand, when.a region
is being enlarged VOLFND reverses the order of the points
provided by CALFRC and thereby chooses the other set of
corner points.
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The intercepts defined by CALEFRC and the corner points
defined by VOLFND are added to the damage réglbn tracer strlngs
by subroutine INTSAV. s % 3

bamage
Region

Reduced / Enlarced

A.4 DICTIONARY OF NEW VARIABLES

A number of new blank common variables and new arrays
have been added to HELP in the process of incorporating the
NAG-FRAG subroutines for brittle and ductile failure. These
new variables and arrays are defined below. The conventions
used in describing the storage location of the variables is
as follows:

(NAME) The variable is local to subroutine NAME,
NAME The variable is in common block NAME.
B:Cli The variable is in Blank Common or

equivalenced to a variable in Blank Common.

=2 (N) The variable is equivalenced to a member of
the Z-array, the first array in Blank Common.
Most of these variables are used in generating
and restarting problems.

== The variable is used as a calling argument.

In describing the dimensions of the variables the following
conventions are used:
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~=- The variable g not'dimensioned. ' .

(30) The array is always dimensioned 30. e

(NVAR) The dimension of the array must be greater
than or equal ‘to the value of NVAR, where
NVAR is determined by ‘the user when the
calculation %gfqeﬁerqted.
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Variable
Nc me

Location

Dimension
of Array

Units

Definitiohn

CL
CN

CVISR
CVIST

DENSWT

DFLAG

DRENG

DRMASS.

DS

DSTLDR

PDMGE
PDMGE

2(126)
7(127)

2(60)

B.cl

PDMGE

PDMGE

B.C.

PDMGE

(5, MXDMR)

(5, MXDMR)

(KMAX)

(MXDMR)

(MXDMR)

(1JDX1,2)

1JDX1=
MAX (IMAX,

JMAX) +1

(3, MXDMR)

3
cm

ergs/g

cm

dynes/
cm2
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Cube of crack ‘radius
parameter for each of
5 bin angles.

Nugber of cracks per
for each of 5 bin
angles.

Flags for generating
reflective-grid boundaries

at right and top, respec-.
tively.

Flag for using density
weighting rather than
*compression" weighting
when defining averaging cell
boundary stresses.

Flag associated with each
Eulerian cell which indicates
whether the cell is undamaged
(OFLAG(R)=0), is interior

to a single damage region
(DFLAG (K) <NLDR), or con-
tains the boundary of one

or more damaged regions
(NLDR>DFLAG>1000)

The specific internal energy
of the material in each
damage region is stored

in the DRENG array.

The mass of each damage
region is stored in the
DRMAS; array.

Equivalenced to DX and DY.
Used in the double pass
transport phase:

The stress deviators of the
damage regions are stored
in the DSTLDR array.
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Viariable
Name

Location

Diwension
of Array

Definition

DVOL

FARRAY

FMODEL

FRACBT

IBGN
IEND

PDMGE

PDMGE

z(128)

MXCELL

PDMCE
PDMGE

Units

(NLRMX, cm3

NPDCLS)

(NMAT) ===

(NVOI1D, cm

TMAX)'

(MXDMR) ———
(MXDMR) -——
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The: volume of material in
an Euleri:n cell belonging
to a given damage region is
stored in the DVOI array.
(See IDDR.)

The failure model to be
applied to each material
package in the problem is
specified by the user-assigned
value of the FARRAY for each
package; e.g., for package N:

FARRAY (N) = 0. Use simple
volumetric
failure cri-
terion and
zZzexro out
stresses in
failed cells.

Use DFRACT
(ductilc
material).

Use BFRACT
(brittle
material).

]
[
.

FAPRKAY (N)

]
[ ¥

FARRAY (N)

An input flag; when non-

zero it indicates that one

of the' NAG-FRAG failure
models is to be applied to

at least one material package.

The fractional area sub-
tended by each material
package interface on the
bottom boundary of each
cell in the bottom row of
the grid.

The beginning and ending
index of the tracer co-
ordinates (XP,YP) assoclated
with a given damage region
are stored in IBGN and IEND,
respectively.
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variable
Name

Location

Dimension

of Array

Units

Definition

D

ID1
102

i1D3

IDDR

IGRP

INTRCP

s L LSS

B.C.

B.c.
B.C.

B.C.

PDMGE

B.C.

PDMGE

(NLRMX,
NPDCLS)

(4,10)

99

cm

The variable that indicates

which direction the nass'.is
being transported:

ID = 1 radial

ID = 2 axial

The units on the DO-loops
in TRNSPT which reflect the
direction the mass is being
transported.

The complement of ID. When
ID=1, then ID3=2 and vice
versa. '

The IDDR array identifies
which damage regions inter-
sect those cells that con-
tain onc or more damage
region boundaries, e.q.,

if MD = DFLAG{K)-1000,

then IDD = IDDR(N,MD) N=1,2...
and-VL = DVOL(N,MD) NLRMX,
where VL is the volume of
cell K that is inside the
damage region numbered IDD.

When a given material inter-
face crosses a cell more than
once, two or more non-
conticuous regions insdide
the cell belong to that
material. The number of
such reyions is determined
Ly INTSAV when a given
material in an interface
cell fails. When IGRP>1
more than one damage region
must be created to encompass
the failed material.

The intercepts of a damage
region with. the boundaries
of a cell are stored by
INTSAV when the region is
being reduced.
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I Variable
Name

Dimension.

Location of Arrcy ‘Units

Definition

[ LBG
LND

LDRBGN
LDREND

LSLDR

NBSAVE
NESAVE

NCALL

2(106)
2(107)

B.c.
B.C.

B.C.
B.C.

- - -y

100

(9

The indices of the tracers
of a given damage reqion
that just precede (LRG)

and just follow (LND) thosc
tracers that are inside
cell (ISV,JSV). When a
damage region boundary is
being enlarged or reduced,
LBG and LND identify where,
in the XP, YP arrays, tracers
should be added or deleted.

Subroutine DAMAGE is called
either to update all of the
damage regions, in which!!
case LDRBGN=1 and LDREND=
NLDR, or to establish the
stresses, etc., of a new
damage region, in which
case LDRBGN=LDREND.

The iritialization of the
arrays used by BFRACT occurs
when LSLDR=0, i.e., when a
calculation is generated

or restarted. LSLDR is set
to-zero in INPUT and reset
to one in BFRACT.

These are the indices of the
entering and exiting inter-
cepts of a given damage
region with cell (ISV,JSV)
after the region boundary
has been enlarged or reduced
to include or exclude cell
(IsV,J5V) and after the
appronriate intercepts and
corner points have been
added by INTSAV.

A flag defined by SETUP,
MIXDMR, PURDMR and SCALC
which establishes what
function CALFRC is to
perform (see discussions
of CALFRC in A.2).
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vVariable
Name

Location

Dimension
of Array Units

Definition

NEXIT

NEXT

NLDR

NLSAVE

NMPDR

NMSAVE

B.C.

PDMGE

2(147)

B.cl

(MXDMR)

B.C.

101

Next is the index -of the
exiting 1ntercept in the
XTS,YTS arrays of a giVen
matetial interface with
cell (ISvV,dsV). (Equals
the number of points (NTEMP)
transferred by CALFRA to
VOLFND., Used in INTSAV to
define the NEXT array.

The incdex of the exiting

intercept of each region

of the NMSAVE material in
cell (1Isv, JSV) is stored
in the NEXT array. (See

NEXIT.)

The number of existing
damage re;ions Incre-
mented ii. MIXDMR and PURDMP
(initially zero).

The number of the damage
region being enlarged to
zncompass all of cell (ISV,
JSV) (PURDMR) or all of the
NMSAVE material package in
cell (ISV,JSV) (MIXDMR).

The material package number
of each damage region is
stored in the) NMPDR array.
From this variable the code
number of the naterial of a
damage region is found, e.g.,

N = NMPDR(I)
MN = MAT(N)

MN is the code number of the
material in the Ith damage

‘region.

The material package number
of the material in a mixed

cell that has satisfied the

NAG-FRAG failure criterion.
Defined in SCALC; used in
MIXDMR.




Variable
Name

Location

Dimension
of Array

Units

Definition

NPDCLS

NTS

PRS

PRSLDR

QLIN
QQUAD

RLVSAV

ROT

RVOL

2(130)

MXCELL

PDMGE

2(93)
Z(94)

PDMGE
PDMGE

PDMGE

(NMAT,
NMXCLS)

(MXDMR)

(MXDMR)

(MXDMR)

(MXDMR)

102

radians

i

The maximum number of cells
containing one or more
damage region boundaries

on any one cycle. NPDCLS
should correspond to the
second dimension of the
DVOL and IDDR arrays.

The number of material
tracers, intercepts and
corner points (defined by
VOLFND and stored in the
XTS, YTS arrays by INTSAV)
which circumscribe each of
at most five regicns of the
NMSAVE materjal package in
cell (ISV, Jsv).

The pressure of each

material in an interface
cell is stored in the PRS
array. :

The pressure of each damage
region (as defined by BFRACT
or DFRACT) is stored in the
PRSLDR array.

The coefficients of the
linear and quadratic arti-
ficial viscosity terms,
respectively, added to the
cell boundary stresses in
SPHASE (see Soction 4.2).

The relative volume of each
damage region before the
BFRACT or DFRACT are called.

The cumulative rotation of 4
each damage region is stored
in the ROT array.

The relative volume of each
damage region (updated in
DAMAGE) based on the region's
gross density.
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‘Variable Dimension
Name Location of Array Units Definition
RVVLDR PDMGE (MXDMR) ——— The .relative void or crack
volume in each. damage region
({updated in BFRACT and DFRACT).
. s B.C. Maximum cm Equivalenced to X and Y.
of Used in double pass trans-
(IMAX, port phase. =
JMAX) +1 A
SAMMXY MXCELL (NMAT, g The mass of each material
SAMPXY- by: NMXCLS, to be transported across
i equiva~- 2) the left =2nd right boundaries,
lence respectively, of a mixed
cell on the radial pass of
the transport phase, and
across the bottom and top
boundaries, respectively,
on the axial pass. Equiva-
lenced to SAMMY,SGAMC and
to SAMPY, SAMMP, respectively.
SAMMUV MXCELL (NMAT, g-cm/ The momentum of each material
SAMUVT by NMXCLS, sec to be transported across the
equiva- 2) bcundaries of a mixed cell.
lence ‘Equivalenced to SAMMU, SAMMV
and ‘to SAMUT, SAMVT,
respectively.
STRR MXCELL (NMAT, dyges/ The stress deviators
STRZ NMXCLS) Srzr Szz) associated With’
ST2%Z ' each ma erial in a mixed
' cell.
TSR(N,1) PDMGE (6,30) cmz/ Void (or crack) growth con-
Storage dynes- stant = 4/3n; n is material

avaiiable sec
for at

most six
materials

in a cal-
culation.

103
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Variable Dimension
Name Location of Array Units Definition
TSR(N, 2) PDMGE All 30 dyge/ Void (or crack) growth
- locations cm threshold.
o for each o

TSR(N,3)  PDMGE material cm Void (or crack) nucle-

' are not ation radius parameter.
currently
used.

TSR(N,4)  PDMGE nos/ N, Used in void

through cm”-sec (@ ) nucleation rate

TSR(N, 6) dyges/ no' no’ equation.

o P, (0,) N=N_e(P~Pnol)/P}
d mes/ 1'71
- (Brracr)
i (04y=9no) /P
N=N e'¢¥ " -"no’/ =y
(BrracT)

y where o is ‘the
stress ggrmal to
the plane of the
cracks.

TSR(N,9) PDMGE Fraymentation parameters

through provided by SRI.

TSR(N,13)

TVSAVE B.C. Maxiram of cm3 The transport yolume com-
{ IMAX, JMAX) puted between pure cells
+1 is based on the velocity

at three positions. The
velocity at the top (ID=1)
orrleft (ID=2) is savedu in
TVSAVE for use when the
next row (ID=l) or column
(ID=2) of the grid is
processed. A

UNFRAG PDMGE (MXDMR) ——— The fraction cf unfragmented !
material ir. each damage
region of a brittle material.

uv B.Gs (KMAX, 2) cm/sec Equivalenced to U and V. 4

Used in the double pass
transport phase.
104




Variable
Name

Lcation.

Dimension.

of Array.

Definition

VLFAIL

VoLM

VOLMIN

XTS
YTS

z2(98) '

MXCELL

Z2(117)

PDMGE

(NVOID,
NMXCLS)

(5,50)

105

cm

“The volume of unfailed'

material must be greater

than VLFAIL times the volumc

of that material in the cell
before a new damaged region
is created or an existing
reqgion: is enlarged.; (Default
value = 0,03.) - A '

The volume of etch material
in an interface cell, as com=-
puted from the positions of
the tracer particles in
CALFRC and VOLFND, is stored
in the VOLM array. '

When computing “the cell-
centered pressure of a
multimaterial cell, the
pressure of any material,
whose volume is less than
VOLMIN:times the .cell volume,
is omitted from the average.
(Default value'= 0.01.)

These arrays store the x and
y coordinates of the material
tracers interior to cell (ISV,
JSV) plus the intercepts and
cell corner points; used by
MIXDMR when creating or
enlarging a damage region in
an interface cell.

e —
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A.5 MODIFICATIONS TO THE HELP INPUT

A minimum number of changes wera made to the HELP inputi
Some Z-block variables were added, some were deleted and some
were relocated. A set of cards defining the NAG-FRAG nucleation
and growth parameters -for each material being modeled by either
BFRACT or DFRACT was added to the input, and the input cards
defining the shear strength and tensile strength of each
material package were altered to define another array speci-
fying the failure model to' be employed.

The Z-block variables that were added are listed below.
They are defined in the preceding dictionary and in the input
form of Appendix B.

DENSWT CVISR
MXDMR CVIST
QLIN FMODEL
QQUAD NPDCLS
VLFAIL. NLRMX
VOLMIN

The deleted Z-block variables were related either to the
removal of the plugging option and the subcycling of INFACE,
or to the modified . artificial viscosity:

1

IPLGRT

PLWMIN

IPLGBT pluggying failure ' removed

IPLGTP

PLGOPT

CYCMX } INFACE not subcycled

LVISC ' use of artificial viscosity now
specified by QLIN and QQUAD.

The variables that were relocated in the Z-block so as to be
next to closely related parameters were:

CVIS (moved from Z(27) to 2(125) to be
near CVISR (Z(126)) and CVIST (Z(127))

CRATIO (moved from Z(148) to = (6l) to be
near DENSWT (Z(60))

The cards that define the shear yield and tensile
strength of each material package now define an additional

array, FARRAY, which specifies which failure model is to be
applied to each package. (See the input form in Appendix B.)
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The TSR variables that store the NAG-FRAG nucleation
and growth parameters are defined by the fourth set of input
cards following the Z-block data. They are defined in the
dictionary as well as in Appendix B,

This version of HELP can be run without utilizing
either BFRACT or DFRACT. When those models are employed, how-
ever, the grid cannot, at this time, be automatically rezoned.
Thus when FMODEL = 1., iue rezone parameters are turned off in
subroutine INPUT.

The subroutine which approximated the slippage between
materials separated by a slip line (UVCALC) was removed
because it depended upon momentum terms resulting only from
the pressure field as computed by HPHASE. Because the effects
of the pressure and stress deviators have been combined in
SPHASE, the simple algorithm employed by UVCALC must be re-
placed by one which considers the components of the total
stress normal and tangent1al to the slip line in the celT
Until this modification is made and a subroutine added which
replaces UVCALC, slip lines cannot be used. Thus subroutine
INPUT overrides all parameters which attempt to generate and
use slip lines.

A.6 STORAGE REQUIREMENTS OF HELP WITH NAG-FRAG FAILURE
MODELS

When segmented, as shown in Figure A.5, and executed
on the UNIVAC 1108, the version of the HELP code with the
NAG-FRAG failure models and the associated systems routines
require approximately 17,800 words of core storage for the
instruction bank. This represents an increase of about 6800
words over the 1975 documented version of HELP.

In the figure, the subroutines in the first column,
which is labeled LEVEL 1, are loaded into core and remain in
core for the duration of the calculation. The blocks of sub-
routines, or segments, under LEVEL 2 and LEVEL 3 are then
rolled in and out of core as needed by the various stages of
the computational cycle. The INPUT~GENERATOR segment is
executed only once per xrun, either in generating or restarting
a calculation. 1In most of the cycles only three LEVEL 2 seg-
ments (the SCALC segment, the SPHAGE segment, and the TPHASE
segment) and four LEVEL 3 segments are rolled in and out of
core. (At the present time the REZONE routine is deactivated
and so the REZONE segment is never loaded.)

The amount of storage required for the data bank, in
this new version of the code, is, of course, highly dependent
on the dimensions of the grid, the number of materials and
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LEVEL 3

LEVEL 1 LEVEL 2
INPUT-GENERATOR SEGMENT
CARDS
INPUT
SETUP
SCALC_SEGMENT
ADJ1D ‘
DAMAGE
DFRACT
MIXDMR
NWTCR
PURDMR
SCALC
BFRACT
CALFRC
DMCALC 3 ;
DVOL1D . EDIT SEGMENT
b o ADDTCR
ERROR
EDIT
INTSAV
NEWFLG
NEWMIX
NWDFLG
VOLFND
XCTOP REZONE SEGMENT
XPTOC COMPRS
YCTOP REZONE
YPTOC
i SPHASE_SEGMENT
CMPRSN
: EOUT
SPHASE

SETUPA

“I'PILGRD

TSETUP

—

ADDENG
coT
EQFT

JIRON .

Figure A.5.

TP

HASE SEGMENT

' DVSTRS

EDOT
STRNG

TPHASE

DMADJ

FLGSET
INFACE
MOVTCR
RNDOFF
THETAS
VDCLOS

A schematic representation of an efficient method
of segmenting HELP which minimizes core storage

requirements.
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the extent of the damage incurred in the course of the calcu-
lation. The number of cells that at one time or another will
satisfy the NAG-FRAG failure condition will determine the
number of damage regions that will be created (MXDMR). and the
maximum number of Eulerian cells that will contain damage
region boundaries on any one cycle (NPDCLS).

Twelve arrays which store information on the damage
regions have been added to the data storage requirement of
HELP. If the user estimates that at most 100 damage regions
will be created then these arrays would add 22 x 100 or 2,200
words to the data bank. 1In addition to these tweive arrays,
two more arrays, DVOL and IDDR, which store information on
cells containing damage region boundaries, require core storage.
Since one can expect that no more than nine different damage
region boundaries will cross a given cell on the same cycle,
the first index of DVOL and IDDR can safely be nine. There-
fore, if one expects at most 100 cells to contain damage
region boundaries, then another 2 x 9 x 100 or 1,800 words
would be added to the data bank.

In addition to these arrays whose dimensions depend
upon the volume of damaged material, there are five arrays
(INTRCP, NEXT, TSR, XTS, YTS) whose dimensions are fixed:
these arrays require an additional 520 words of core storage.

The DFLAG array was added to blank common in order to
identify those cells containing damaged material, those con-
taining both damaged and undamaged material, and those con-
taining only undamaged material. The DFLAG array is dimensioned
by the total number of cells in the grid. 1In addition, four
arrays (PRS, VOLM, FRACTP, FRACBT) were added to the named
common block, MXCELL. Their dimensions depend upon the number
of materials and the maximum number of interface cells that
exist on a single cycle of the calculation. The PRS and VOLM
arrays store the pressure and volume of each material in each
interface cell. The fractional cell area arrays, FRACKT and
FRACTP were previously eguivalenced to the P array, but since
they must now be saved between cycles, they too have been
added to MXCELL.

To summarize the effects on the storage requirements
of the revised HELP code, brought about by the additional
arrays described above, assume the following problem parameters:

1500 cells
2 material packages
300 interface cells
100 damage regions
100 cells containing damage region
boundaries.
109
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A calculation with these paranctert, using the vers;on of F

HELP wlth the NAG-FRAG models. would requxre (2200 + 1800 °
+ 520 + 1500 +. 11 X 300) = 9320 more ‘words in the data hank
than would the samc calculation us;ng the 1975 documenteﬁ
HELP code. :

J.f’
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APPENDIX B

INPUT FORM FOR HELP WITH NAG-FRAG FAILURE MODELS
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The input form included here rcflectl the nodi.ficatlons
discussed in the previous section. The default values of most
Z-block variables appear in parentheus after the de_fmition,
if no value is specified, the default value is zero as blank

common is initialized before the input cnrds are read

H

* — ——r '—‘—ﬂ

113




P 3 O
el ol

n

TIEIETTLE,
Y

e - T T 7 T T % . R _
("€ IseST e aq ISTW) °PTIO UT SMOT JO TGN XYW Tls € 4
i
(°€ 3IseST e 3q 3ISTH) °Prab ur sSWNTOO JO ISqUIN oz | T ' 1|c €' (4
‘uns ABISUS UT IOII® SATIETSX URWTXEW Noa [ T 1 = Xy T It A
*SIRUTPIOD
TeSTIPUTTAD weyy Iajex aueld sesn 9pooO ‘[4DI UM wr [ | T Tt e z
(£) - "uo ANTIM LIAQR PUe JALAS 113 wo.ﬂifuwni_z MLINDE [ ' LS 4 TR = z
*{g=0T) UOTIRIS3T amssaad 03 ITT SouUSbIAAUCD INDMd TEETE HEXR A
(S€) °ST130 TerIsjewri(rur Ut
samssaid 2xqITINDe 03 SUOTIRIS]T JO JOCUAW URWTXEW udI L Li sUn, TRS =5 Fd
(1) °wox3 speal ININI 9TT3 JO SWeU-TISqUNN WLINDL L N ije’' 17 4 -
: (*0# TIOOHI JT pIIeRATIOR 3 JOUURD) : -
"peuczax Afreorieungyne aq 03 ST Prid Saur) 3O JSQUNN zanN | 7 T rte 1! z
*$91a40 uo Buyddogs 3T sdo3s UOTIETNOTED YOTYM UO STIKD agowsor{ T T T ! ANE Z
*USITIM ST dunp Ja3sax e ‘syurad IIad LLIAAN, Areag taxran| VT { TFe™ T T iz
*qurad buoT e st surad IIQT L FIDLIN, ATeal aranyf 7 T 7 vt Il s 4
*(1)dd se auwes ‘Iaqunu WBTOId gaaaf T 7 T T ' 1
-~ 46666°66 O3 T000°00 :9buxy) “IoqUNU UBTQOI] (T)3d vor I E ST T
(SenTeA 3TMejeq OI9Z-UON 3Te SesUSIed UT SISCHINN) ovfstivifsrlzrfrrjotfe [slclofs|vlc]z]t
pxeD



| Euﬂqﬂﬁiﬁ.ﬂmﬂﬁ!ﬂ!ﬂu.“—u@
* (XSCSZT) .%Eﬂilﬁnunm
*(XSLSTI) z+ABaeus arez-uou YRTM SUNTOO JO
*pesearout ST fousnbary jurid pmym fq Ioqoe )

*anr3 w burjurid vegm sjuTad LI0QE usesgaq ("SOS8) STl
*fouenbeay jutad sbueyo o3 a1afd z0 awTy

*perensax 5T fouenbaxy jutrad sawry Jo

paqurid Jou =ae sdew ‘p=Sdvi
o *s3uT d LIad

uo pequrad sT X§isusp 107 dem oTToquAS B ‘Z=SdwW
*syurxd L1QE uo

pequTad ST UOTSsesdco 107 dem OTTOAS ® ‘=S

dddddddd

RS
“dulipi Q?ﬁig& G 4
RISR S mﬁm&

(SenTen 3NEjad CIof-UGN aae sesajioaeg UT SIiunH)

mmmmmmmmmmmmmmmmmmmmmmm




~Aexxe dx 30 UOTSU=UITP 39OS5 (9)
‘Kexxe ¥JI, JO UOTSUBUIP PYOOSS 395  (¥)

‘Kexxe SSWRI] JO uoTsSUSWTP WS () .

-Aexre SSWX JO UOTSUITP PUCOSS 395  (Z)
-Aeire SSYWX JO UOTSU=RITP 3ISITI 995 ()

(g0TXS)

116

| *0=()d -Ev:xv&— JI ‘camissoad axoz-uOU UNIITUTK] S0 % O L L A SO A N L A | T ‘@. - JLERENN B
{,0T) ‘-seb TeopT ue ‘QzZ# Terra3ew jo amssaxd
%gsggaﬂgﬁ oT3Toads umwrtuTi] NDE[T T T T T T T T T ergr 1
(c0T) * *paaoubT -
ST abueyo AR ‘NINAIS weyl ssol st jxodsueny
03 Inp 17O e Jo Abusus Tewragut oryroeds ut sbuetp JI NTWAIS LA SN S BN R BN S | T 12787 1
‘pojeIausb aq 3 sisoexy aarssed Jo Joqunu ﬁ-rdaL .mvg ........ T 1178
*¥OI0IN 10 dNIds) Aq psjexsusb
8q 03 sbeyoed Tod sIS0RI3 TeTISWM JO ISquNU X RS 2 A {3 I LI L B
‘pe3easusb aq oy suorHex abawep Jo Joqunu ”“““ Amvé ........ YT <sr 77 vd
. *oTako .
suo Aue uo pTIb UT STTO =ORIIIUT JO ISqUNU E:x.mi ST [T T T T T T T 1T ¢ T 4
_(Qa¥N .®es) - “¥MDIaIV Aq psuTejuTew = i
aq 03 Teucberp 1Te0 1ad s1e0erl Jeriogeul JO JSqUNU XL ool I L A LA ' AN AR 4
(*1) “3SVYHAS ybnomyy sessed jo ToquUNN 13 o).'o] EUELENNE IR RN B B S R I N 0 LA |
abeoed pray a3 Butpnoe ‘sebexped ToTasqEw JO JSCUIW SV.HE.E. 0 S D e LR & & A L
PR, TN CE AR otfstfvifsrferfiforfe [sTe [o[s v [z |1




*Kexxe qISW JO -uoTSUATP 395 (9)

£10*) “peanduco ST amssaad ° POTWM 107 TT=0

SOTIISGUT UR UT TETISNEN ¥ JO UOTIOEIJ SNTOA WIiTuTH NIWIOA 1751l 7Y T 7
—_ ("0# THOOM USuym T O3 386 ATTeoTIRuOqNY)
"pesn Jou axe SaUTTAITS USYM [ O3 396 3 PTVOUS 4TSN arIsoNf v T v v v v t 7 ST IT T T
(p*) ‘uoryoeay ATTTqe’s JO anrea TeuTl TYNI | EAR SR T
‘arafo auo
Aue Butmp prab ut syTeo SuTIdI(S JO I=EmUl WINITXEH Gvnawz ......... PEISEY . 7
Amlo.ﬁv .SH..HM& WNO.IE saxM i~ v v T v r v I T OTT({V71' T
*SOTXA ‘auTanox BuTsorn proa oTjewogne w3 bursn |
. 3T ATuo surgyeg -uothHax BUTSOTD PIOA ARF JO Xo3IaA
A3 3T ST Jeyl IS0RIF PTOA HJ JO XSPUT pucoas YL XARIAN e N B Tl(eTorT " T
*FouTt ebreyo padeys ® jo
ssdetroo ay3 Burjemnoreo usym ATuo autyaq -3l =y
SUXOJ I} TeTIoall ISUTT X[ JO Jaqunu abeyoed =y, yaws | v v T oroTTeTTa Ga 0 LT,
(€0°) -uotboa abeuep HuT3ISTXD
Ue O3 poppe &q 03 TeTISjal JO UOTIoRII aNTOA UrWITUTH TvFIf ¥ 1 v v v 1 876Y
*sdinp 3jxe3sax Aue 93TIM J0U S9CP LIGH ‘T=dANAON USUM AN [ T TG
(0# TIAOWI USym pejearioe JoN) (-uoriesuaumoog |
guog ‘XIXAI pue 1°g UOTIOBS 525)

“pouozox ST PTab Ay fo1okd Jaersax e uo O T=ZT UXM N <o L
*3UBTOTIIo00 L3TS SOOSTA TeTd TITITR OTIRIpEn) Qoo T T T T T T TG T
"JUSTOTFJE00 AITSCOSTA TeTOTITIAR TesuT] 14 o) INNL B B B L B B tTT 6!’

("uoTIEILNOXT FPOD JO g°6 WOTTDI95 295) “sjurad |

oT3souberp UTe3I90 sa3eIousb YIINT -/0XDZ-UoU: USyM gy vt v T v rov Lrg’
9I|SIivI ¢I|ITj0tL[6 | 8 91Sivi¢

17

1

(232
LT :;Y‘“ y i dds
BPRE" S o W X T R
o R e A & o VR SRS LW
S e Y kY ?AF.L%X-



*Aeixe IO/ JO UOTSUSMITD PUCOSS 395 w

*suothbex abeuwp aaon IO SO UT

peupeauco ATTerided aIe JPY3 SIS0 JO IGUEW WEMNTXEl () S0 i TP Hgie' e "v°
*T=13004d - '
T ATvo padoTdue ST TOpOW SaNTTe3 SWEI-OAN YL TI00R " A
*Kxepunog prab .
- doj 203 uor3Tpuco ATepunog msmo [T ! Rk’
= aATISEIax
*Axepmnog prab
"0 6T 107 UOTITPUoO Arepunog USTAD = X "HA s "z Y YL
= IATPTESU2TY A
*Arepunog prab .
WO30q 303 UOTITPUCO Arepunog ST UL S T 1] TS L A
*T=<T300Rd SSeTun ‘uoT}
-DaxTp-X Sy UT peuozax oq [T PRIb & ‘T=ADXEC IT T R L Y R |5 1 TAFAE RLE
“T=T300Ad SSeTuUn ‘' UOT3
~J8ITp-X SR UT peunzal aq [T PHIb = ‘T=XIXET JI XIXET =L = spEt g™ " "
*pepre 8q TTIM SIS0BX3 YoTys Ut uothex jo mox dog o URE U R K | EAKAE SR [
*peppe aq [IIM SIeORI} YoTyM Ut uotbax Jo mox uwojjod ANIM v o rfrie' T
" peppe
q TTIM SIsoer] YoTyM Ut uothel Jo wmmyoo Isounybry | LT LN L. i § AO0E 345 AN
B e e
aq TIIA SIS0RI} UYOTYA UT uothax o wnyoo 3scunjoT XNIH g5 I TR & BRI
(*osT® EOMIN
uTFea) R0 ANIN ‘X0 ‘XM Aq perroads
uwothax Syl uT sI80eIl TeETIsqew ) Jo Buroeds o
PSP MION ‘GNN Jo ITdRTu ' ST 3R oTaio Azeag QN TlsiTit' "}
(senTeA I[NEJ] OTSZ-UOHN ale SISauaTe] UT SIeoqursd LSTiv[ET|ZT|IT{0T]6 LTlofsit]e

EE——

————




{"0=d0ISL 9se0 PTYM uT SeTaio | , 0
uo burddos uSym UBne papNTOUT G ISTW)  an) ot
uo Burddogs T dogs [T UOTIRTILID (*SO9S) awrmlL dalsL orsT T T
(§°) "3V SUTUISISp O3 PISN  *dA-UVEEF O=0
:peads TESOT JO UOTJEr UT JRISUD O R AL A R LD v T
“1120 suwo fuwe ur suorhax abewep JO IoqUNU UNMITXER (g) TN i} R
(17.0T7) sdogs uoTIeROTED AR
‘NIRIQ > 30 3T “d=3s &bty Jo anea STqROTTE wrrTUTH NIWIA Ly LA L
(01 ‘wroery LTINS jo enTea TETITUI s CAKS 7 ETET I
(senteA IMeIa]. QIIZ-UON aIe SSSX[Fuated UT sIaquny) oTfsT|vr(cTjct]iT|ot}6 ofs|v]e 1




LY hd
3
v LR B v LB R o e e Y v Yevey Y v v - ™Y WE TR v 4 v > e 2 g o o Yy
"1]'11!1!1]'4‘11‘1-...1-..-...- L R R I LA B T S CRNL NI B TS I B LI ] 2 . L R e ] Rl R O

l]lqlcl,il‘la-q ™" Lme ahch ol ] T R R TR ) ..-J-..Ju..of.o LS B A I L I I R I ) [ R} (LIS BT ] EEC

L om ee a | T v T aam ot (e o o ant Ay RS B B o RL SR Yo 2o SIEA T e e v s Lo T A L) LIRTER ) AR SEEE Y o emry foemgm——

il-'ﬂJli‘]{jlcr’la.t.nlﬁJ.adJ- LIRS ol LY RRUTTE ) L I I T S N L T T ST I DRI s . . DREU N STRPI ¢~ e

| LAnAe oncn an n o Bn aa anan o8 e o i A a5 SLARAE Bt Tein B LI Th o odiie 1 o i DR AR S) AU B A ] e e CRELE RE .lcuv.!.;
j{ij!.ﬂ ot S Sa tn . oon aub J0d 0l 'Y TETY Y 4§ ey LIRUI A ot SEPRE SN2 has SRS IRV I B L ol LN} i B AR L -, e y——
— YT vrrerey v -t -r T VUV EATmrea g vwerr | 0 oo e 4 Py v | o e I R e e

SRR 28 Sn mn s an e mn i ab an o o ol SRS Linan B i B Sl on ot A INUINLAR 2o e Bod BN R T I R BT R O LEERE Shead Sl ol SN NI BETE ) I Lol B e 1Y~

e —— -y ep P pe—— VYT 111(!—!-!«1 vy 1V e vy s ym e o pove} ooy
A Y 3 T ' ' -
L 5 .

Y T e e s ferrnee Yy |y vrvrra s rrtrrr ryyres | e = ~vr] vl ey

v T ran an o o o ad B o2 ol AL ES Sns ~—u o an oLl b talad o o B o ARl e S v r 1o 3y i Bl o o 203 IELCIEINY handeiad Bl BNAE B tn oo o R o ot
B -4 -
7 M AE I S me an o mn n o o o > —— v -~ vy s BEIEIE IR oL BE IR SRS R Fevrw—imey o 3 | cece - R A hen bf et Al SRV 28 e e o |
v A28l am o an o o s b oo o s IR o X LR B B 00 I I o o AL U RN BN T I Y LA I N D AR MR 25 OX T I [IRIRUR o oud SRUEN JIL TS Y v ce-w-
v Ty ™ M DML B A A e it S ah it At s ol on et il il o Sl o EE BT PRt B PSR IR AT I, (e e R R e o I e e
LA o n oan oa o o m T e o st i dht ot e st o e o0l il o S il By {2 o e o DR IR R RURTTNFSNR ) [T [ A4 ] LA b Shan it s di BCE] BECL X * e—y-
. .

LERELAE 08 S ndn o0 an o an na e pllan o ee oy IR SRT D o STRMIBUEE' 28 £o TSP Al as i ba b ol BRI AR oo ad od BEAS R R SR IEERRE RN I S Pesrey e v hor=rrd o rq e

T T r———y— Y At an b Mo o an Sl Bh e sh s T RE IR o R O A R I e at mtell BA ML SR IAN RYNEEEIE EPIT 3 PP LI IR,

A P———T v Py v

A TR (s)analL (g)dwal | (z)ama~ () diiar ()INN[€) INNGIIN iy

ZISS[Y olereiZ [S[SIvIE el 9151y €[2[1 0l618121916 »[€ 21 618,419.5,%1€1¢]1 10/61812 SICIoTE 1211, 06,617 9.6 2l 12 T OB BI85 T a0
o8-l | 0L-19 0916 1 05-i» - Cv-1€ Cg-12 1 C2-i1 L Q-1

Y pe—y—

"PSUTIIP 31 AQ TI® 19338 PU PIUTFIP 9ie XQ TIE I93F€ 666 = (I)INN 39S
*(i) dWIl UOTSUBWTIP 2ABY 3JBY3 SaUOZ Fo Iaqunu a3yl st (I)INN
"3ISITF XQ Ldurjyaq

SAVYYV AQ ONV Xd ONINIJIA SAYVD

2 ;?',»c-z ;
150 1

v

-

'_1"‘.

FaY

PR kLS OF
‘;A‘Ql.
24

o

Ve

¥

H

e
F,

B

2™

Ve

v i
:M‘:mw

3
4

W

«

ey

120



L)

N . ¥
xue1q 365 3zesuy ‘mm ou 31 ‘s3urod =naa-«uu=ﬂuu RSN,

*pe33THWO Bxw
spieo @89yl ‘T = JIISON FI ‘s3juyodpue asuprdyrs Butuyjzep spxed ‘9

‘PTOA 343 pue
ibi#ﬂin 1eTIa3ew yoea JO -uﬂUﬂuhIn I80e13} TefIesjew Buyurzep spIED S

*Pe33TUO oIw
spaed asayl ‘‘p = TIGOWA JI ‘sxejewered HVHI-OWN Buturzep spaen

~ *abeyowed Teliejew yoee jJo say3iryedoad yjbuaazs Buturyep spaed
*sbeyoed TerIiejww Yoee® jO SUOTITPUOD TeTITUT Buturyep spaen *

*SUOTSUSWTP [T90 HUTUTISP SPIRD

* .
- N M =

(*mo1103 3Pyl sebed ay3l uy periIdeds aie spIed JO s3B3 °SaYyl INI SILWIOS
*SpIed e3ep JO $398 BUTMOTTOF oyl 3Ir9sut ‘((0ST)Z) pIeo pus fummp °y3 axojeq

121




& * » -
v v ) 4 v L § v of
n e B T T I . IS R PO . PSP E
P T————y cy e —— Y TP Y=v e s 4 e ey ey s s A - L R CE " € .. * e o “scc e s
— ——— ——— | Ve bt e v s R IR R L ) s v o gerrece do g e fl oo
—r vy | e T . Lk ot ot Il SR AU B ot R R I e TS e e e [ T IO 1. LIW.‘ L SO . slomng ey
Sfhshonirensn to o ss bn anen an sn o s o ansn e Bhle e b STRTECNENR NESDETEFRFERTSENER A A L AR R RPN IR R R 2TINE NET S
- v v n aan o on e an an ey DAl o on o0 o BE ol TIPRY S50 20 et atd R ol o e R D] e U I O TR Y ey g EipEee e o .-e e e o mpe g
v~ v LB fr. e gn fngn e anget I e shom o s suintel i anon ot on B S b ot Bl EESRE L L S SRR RS Y e
nmaanaian an naan s ha gl on oo o s on SCIR S, BIFES oo KPR IINIETE S RN EINEPESY L SRR EX I3 SRR IET O LIRS B o T SR IR NN PR s T - - . oy y—
-~y —— — ul«l11,..i»ldl-].1dvil|1;,]l]lql-a.lalill,-- L e o o i e AXAE B an o o o B ol A o S e e R I e ks Cah e
T—yy—— T YT Ty Ln q@i]s}!j«!o‘“m‘v‘l NANTTTE I T ATYIRTTITYN T YT e s 4] s e e ey » - —r—y—y
FE 7 > n X3YoUY XITSeSy s Spoy b
{20135 XS °‘S1) 43120737 3120137 Teuiajuy 11191l T
Letxy 1e1pey - 213129dg )

*a3eyded [vria3wwm yoea 103 paed uY

]

°N 9%exomd yerisiem UT (192 aand e s
‘9dB3193UT Ue SureIU0d 2

*a3eyded yerz2itm yora jo mm ‘A ‘n.%d Tl

.uuom ptoA aind = 57 2 .«
T =
-

1 118D 30

!
X
1
T - UJ&Z

( 3y 3uy

Ituy Suturjop

1192 31 0 = (2)9V1an
1192 3T N = (Z)9VIdH
193 3T 1 - = (Z)9VIaM
=wuwv PI2) (sI)

spas)

————e

o apm——

(2JOV14H

681266 b 11C,€;6, 4,5}

4

OZ—=11 ]

Qt=1

IOVAIVA TVIYILVN HOVE JO SNOILIANOD TVILINI ONINIJIIA SAIVD

e = e




v -y Lo - vy o FYY e o ey [ e 2t b S AR
s 5 T vY T v T ) .aiﬂl‘.‘dvlc_liaalql i adann sad g ol aaant e od
-y AR v Ty T L MG 2 | nanae el mh e an o

L g o i L | ¥ s VoVt PSS . -—v-]

AJID S S o an an o o 2

B e anand o A T 2 o ot o

] Tty v o

.y LR SR AR

MR AN IB G SR en su ou

AN En [0 T e a0 e S5 A

hian he bt on mu v 2 B 0d
o bon B e o 2n ont TR

- -

| v vy

Y Lo T 4|¢|..I14|14I1|J
ad STt Kexzy 2dSr ‘lINOWY PTOYS31Yy]
1 OVHIA-OVN aanyrey

T ATYTETY e e
b L ‘!—.-4. L
iR A
Sasn Al ol AR Sd o ot
TEV Y YTy e v

b e ate o o REUED B o Bl

YT SATRPOR ™
L31prdry

LA o I T R )
LR RN R o o ot B | ..
Rl ot aat o o BB BETSE ot
SN p ey Sy y——
LIRS B ol Be D2l
Ll ol AU SRR B ot )
L o 2 T TRPSRT L T -—
MM Sdde Sl BRI o
,j.dl. LI EL A2 of o
il Lt oe anse dE JU R

cu. oy 1'.-.. -r

3

T ETYTeTTYe ey

[~y —y=y—v o
B ama T B B of ot 3
(R o o a2 I I
¢ 0 A aat ol I

Bl Al B A e o SR TR
Sy a1 L ) .,......
CEetTSTYTYTY v oo
Bt T ot o S R TP

11'1."”.-04 LY

A

e an ok Gl Sl AT ol o an dn B BRI SN el o 3

v 3 3 ey

Cetecy e g

i
b r—— ey

. eae gy b e me—
(Bl B e 08 BELTE LN
. ..-.-Il-..qu-n-
hatah &t BETE L L 2
LT B -I~.1,‘r -

~r— b UL o

X

1¥EC080EHE

PEONBEHEEET

09-1G

0S-iv

GAAARAERE

oleleiLislc>Telel:

015 [8[2 9 GI9[SIe] 1

R i R i e o

Prae] felel o) v
VY 1 e pr————]
T TT—————
e v ¥ > ————
e v v
e —v o
Fer—ye o 4 e
e oy e

v v

a— o ol

A
LEENSEEHE

U i & es ol o o
s

g k ..J-‘Jv ]

[T

0¢=-12

Ce=ii

01—t

*Z = AVEdvYd

i = AVHYVYA

‘0 = AVdMVd ‘0°T

ur

*abeyoed TeTiejEw yYoea I0J pIED JUO mﬁnﬂunH

‘Ia .

hin =

HWOWY
WaOWY

:STRTISGEN 9TIITIE I0J TOPOW OVHI-OUN
1STeTIS3eN 2TT3IONG I0J TOPOW OVHI-OVN
S WOWY 5 T00°0

:88Inssaig a[Tsus] burjTwIT
103 UOTISITID OTIFJSUMTOA

:STOPOW SaInyTed

~Abxous Teuxd3UT OTIToads = J ° Tmm -1 Annmm + 1Tz + %2) = revzerem jo yabuer3s PTSTX

IOMAOVWd TVIMALYW HOVI JO SALLYIAOMd HIONTYIS ONINIIIA SOEHYD

123

L ]

T — S S e

i
R Y i 4 Y T T g T v Y v
N AL
Saaadten o T Y vy - TS e | oeever g s vy o . cr ey, te s ey e v L v g e ki,
] Pheiris
j‘djl]'c'il‘!lqi]'uiula han e ot SERTINTNN AR BN S LI S & ) B B Tt o MIE A R R e R mm.ﬂx
. ra‘f,u mﬂ
' ; / )
MG an b o —r—v L o e ol g an on et Bean b s B ol el B o B et N T RS KR e Sin e Y £ SIEgETY T G2 T = qw»uﬁ.wu
: e L $ .  p B
?m.awm
RJRn Al 2e SR Aus a0 an 2 L § T L ande e o skt I B gy il an it Tl bieat od B IREIICEN o o' oo STIE - ) Y———y—y B e R e SRR " g 1+ o ey | ..—..!Min
w’.‘Wu
=



'€ paed
Z paed
1 paed

Anqmwwwa _wmumimmw. ~nqmﬁm:n-«.. Avuzvmwa 114:1 .zvmw&4J...mm:mﬂwww.4...quzum

L o gm an o o s o o ol Y - ¥ ¥ ¥ ¥ ¥ - ~r ~r P Rl vy - -.11‘& T v - TAITEY vy vy Yy lcugv.g

Glo” 1 BE0 ] » v 1 ! BORENEEENRACHAN
0-1¢ -19 -1 - [T € =12 02-1

o<1
pesn 30N =(pT’'N)¥uSL

[ (ET’N)uSL

*14s Aq pepracad ATTewmzou aie 259yl | @r'mEsL

-Atuo 1ovead Aq pesn Isiajewered uoryejuswbeid: (TT’N)HSL
(0T’N)¥SL

L. (6'H)¥SL

pesn JOoN = (B'N)d¥SL |
pasn 30 = (L'N)dESL |

ﬂhu¢ﬁnnuﬂan\ :uugou*_ dxa °N = N *nuux-wnhu_HBUﬂuhn_Hn Io Aau:uhnuﬁn = (9'N)¥S8L

(zovaaa) [ 'a/(®“a-a)] axs °n = N
‘uot3enbs ajex

124

.Nﬁuxnmahvvﬁhu¢mmnuonn I0 _au¢mnn*o=m = (G'N)HSL

UOT3ESTONU PTOA @Yl UT pasn SY | HUNNImHux.ﬁnv om = (p'N)HSL
(o) :m ‘zojoweied sSnTpeRl uOoTIRATONU PTOA = (f'N)HSL
ob ob /essuip)

d I0 0. ‘sSsE’I3s proys=aIyl PTOA = (Z'H)¥SL

. (o@s-saulip/,wo)
ug/y = "L "3Jue3zsuod yimoxbh groA = (T'N)HSL

*9 > N "(H)IWH = N

"0 # (W)AVEEYd YyoTym I03 ‘W ‘obexoed TeTasszeuw {ows IOT PePnNTOUT a9 IsSnu SpIed
991y} ‘eSTAISY3O !{pe33TWO Bq ISnw spIed asayl ‘g se Indur ST [(8ZT)Z=] TIAOWI 3II

ANADYd TNIHIILVH HOVE 40 SHILIAWVHYd OVHA-OWN ONINIJAId SaUvD




L ey L4 T T T T T Ty TETTTIY o T T —~— >~
.]]I!-J‘u‘,.ﬂ.‘.!h..u'-a‘.lcq.'l.\‘ .-vnn.fn— o — OI-..dlﬂnd.lil.-?oi-j nu.m s B .n.. » - u..r.ll'.. L e —fy
S e—pe ey tj e ==y & - v e e n‘*.‘lioau -,u.Ji‘l.jlw.wé]ul:‘.d..‘I-lJﬂ.Z-r LA ATEE B ) ] . e o T A TR S - P00 MU PR, s 4 S e S 4
deoanite oo Eo atel b L b 4 L-ow- glag -.lc.n hae Tt an o e o8 od an o s o ma TEHYTEYEE « 5% o = ‘—. L o IO SRR S B ) TERTWY - L el ¢ -y e - ~v -3 2
VT Y= Y ey ..4u .lllql.w..’ .nul]l.—l‘-il n s aad a4 " wlvRiez o gl o o gdapi g i~ g L LA Ja e 3 IR ) & P -
w e i P Aeh i S 14!‘17 1m—y -y T v vy n v v—r g ST ARG T T Ty ce e ﬂ.- 'viu..-..-l!l‘,ludnnll...l . s il IR e R S S

s g rpem—— i Tl ANTRE . T S S N &

T (ante BCNE G an on oo ael ol oot son an S S Bl do s Be il 28 B Sl o 2k SRR R e sl At A o LT gor=cr v v o

EACEEERSRIR S A A an o e an s e Be ma ol SUIN Sl o den an ol o o o o o e 20 st At haallalan e st anRack Sl Sh s o de ol S B R o R R

T - p .- =

r— =y v iJL. M R i lqlltlwln AT o .vnﬁld'Jln. vy IovYry -a-l..d'-.lq'...qlal- —... i o LI G o e il gl oot Bd o MR BB B 23 v o ceimece g

T Sy T v c—— [ de a2t i b e e et St ot e she S aneenl e SNNIE 4 o ALt -—.|14|1|1 L e e e i E e e R T R

T y—— 1|1.|11<|- iy s -y - .. ]1‘.~q-l]|‘1l.|l11liiwlwl-‘a LR N A L —!.- Lt anat st dh ol BE ot ot B T o PO —

== AR G o o et e an e oy ey n K l.‘ﬂi'ﬂ-u-(..?.qllltlﬂl}mlu.. L o o 28 B RN -Ild.ll’,— vy pep—vee= oy ece SE A, W ———— e
._

T T T Ty s ated Aads iad lﬂl.{]lji‘j‘?*.lnqu.ﬂ -o-.lw.TquI-tnl.«]-ldlc!J (SR IR S STRR | VT ———— ey

T — n e T R RERETTTTT vt 111JI14..]J|11J|~ ]Jl«.lqj.‘dl‘lul.t Al ain e cnl o SR Tha tuh e cen cnt o on o

I aadil o e e o O el

- — r—r—r R B I SRR 6 BT i oo o o R B oo o 2 b JRXY t re o e e I (R ot P I R e st AR IR e S s
L —{—r -, + - \anal SRR ot o st an on o g o e o Lo a2k o an il tiiat s B SR IR REET SR AR o R Al e AR TR (il T SR N ol B ot SRR EE oo s o o |
. vy \ge Shot Bende.ah Sndth b b oo o S st b iy S An st S e o o senand b AICIRE e s S B0 ROTY iy T YTy vy Lot e s 255 . LA . i T L T
T T m 4 v ~..do.ll1lﬁ.d. vy -0<|d|4.l¢|.-|(l.1.4|1|11]|~l1(l1.- _...L.v:.:.—....] e e BT b R .d.n1..- o AT e

- rFrroreroe v 1 - A ! . -.Iql].n.4|1l1|4|.._l.]l1l.'w Lol — =y -J..JlW... . . et i 25 SRR IS o0 o ..w‘. gov o -

T S = v—= b=y e

TN PEPTE Y v g fevm vy o p wy T yow— ey s e

. ‘n#..lluJ

(10 ] 8 Siv ]

6]8{219 ! 13 9 !
9-1S =iv ;

BREH

b-1€ Oot-1e 02~} < S Ol-

!E!&Ill!flrlttlrr!ilf.r| ee—— e == - - —_—

(sxs3owexed SVMJ-OVN 103 wiogd)

)

hJ [

125

e . T L e )

I e MR TN, TP LSS e o

1
£
%



-——— v v T
—rrv —-reTree "y T T — | — T v —— v T T

v _ »°013)
Ox-x) ) § , o) ¢ g A 4
»N UM.K T > ‘AqUwa WMJMtOE}'I T -G ey ¢ gy ey | S ey Y—— -— m ¥
I 21211d j0 912112 3o
2 ® 310 -} U.-N,U 30} 2131vadd 30 _.433U3d 30
: ,: oune) nlwu. ouu.:u, aner u 1. M_.:.-a 1 ovncmmuomu.-b J3IBUTPI0OI-X ,
T (7°013¢) (suetpe1) osdyI1d 10 P[DITd JO JI® 104 —_— L s ,uHM:uHM uw..._huuﬂ.,u. mﬁww_mwm.d " |
+ = T Yty ey ey oy YOOOTATITRRTPIOONTXT BT, . oi3TA T reUY -~ o
. (v70130) ' (®5) 3bsudas SurT 104 e = o A o 5 |
B ey L s Ty ) . X SI1dN | Naw | 3ax11|¥
pleis] 2|oisivIs12l 1iSiel8l[slsvIsle1]06]81 L (O]SIvIE; 2]¢
0£-12 02-i} O1-1
, i
2/ Z/ng

126

"PAuUTIap dxe safeyded [[e Jo sariepunoq [T® 2s3F8 QT = FJALT
*93eyoedqns 10 a8.)d>ed ® jo juowBos 3Ivel uo 9AT3Ed3U 9q ISnw FJALT

3

*d1e 10 , asdryr? 30 o1e §
aury 8uore @T211D 3O d1e §
paserd 3aq o3 (T + LVHN = PIOA) Sur1 teuo3erp ydrexas ¢
sautod 3o 13qunu BUIT TedT3raeA Iydteays 2
13qunN = SIdN ?3exoed 1eTISlEel = NAW SUIT TeluozTIIOY IY3TeIIS [ = FJAL]

7§°7°( UOTIIDAS 03 1939y "SITITIiEd SATINOSSUOD OM3 Aue Jo 3FST 9y3 03 o3eyoed
3Yy3 Ind TITM 3Byl 33pio ue ur 3Indur aq Isnu afeyoed yoes 103 sarorized zadexy

*(s9t1iepunoq p1i3 oste aie eyl mowumvrzom a3eyoed 3ds5x3) ALiepunoq a8eyoed PIOA pue
TB1JIS31BE YO®d jO Jie .10 Juaduwdas SUIT Yded 103 ¢ (paxrnbal 31) pue z I spaed jeaday

QGIOA FHL ANV FOVIOVd TVINILVW HOVE 40 STIOII¥VA ¥IIVHL ONINI4IA SQYV)




e

- v

j']ldl]lqlcldll.ll—l‘a’- vohvewte 0y

Ll B AR A A N ek B I R )

Ve =1

—rev—rt

v 1mreeep ey Lanad IR R IRk

v 1*4“441- DRI R L ) et iinad]

VT Y
,.4-- AN BB Encn sn on SASn an i ot i on e ok £U .1.-.—.]-...1-.]!.0.
.411- = mi14i11-1m¢4414-i-.ﬁ-< oy | e———

v vy i YTy i o o o o el R o o oD B Rt
v A | 1,1*1 { b TR | (e 0.1: v v -'10]‘n-l-‘,ll114'1dr.ln .-

SRR | M g s nd S o aad M Dot 2o BRL N b ool SR o R SR ot

-y qnqu.quq T -q.nn‘qq\qu-<-4m414....-!.-1!1

e

R 2 2 BB T
Ui s o STEE BRI
PR "1-1‘- LI ]
et an BEEN Y BN X 2
AN R A o o B R

B 2 o 2 oo BECRR Bl o

Ty M A S2ee on st O e s a ont N Rl BTl

M de el tR AR RL S o o X PR [ s 2o BRI

T

¢.J-jn4 halan an RESEIEEL B Sk b RN

"
Ty

Ve v Ty Lo B b T ST T ok o ST

=t

vy A BRARAR ha as on o 4 J.»jldv..-.-.lnldj

) ok bl o an o oo B IR o B o et R

p—

LENI BER En Aum mm Sun G e ot

TGEMGE ORI BONEEDRANIGEAR

\ ¢

—rvr-—vr— - y-y-r v | vy v——

ij,chlq.‘l‘cl]l.l‘—ldl«ldl-ljdlu S e ol S B8 BT 43 S Bt b but 2R o o

WYy Sye——y
[ EREE S he I

Lol an LI TRt on B o 8

R iut e ol Sl T TERNNE 2

"W ety memvev=g -

e sy e e yoee-

CE o o0 EISRIEIE I

L e e o= R T B
=" ] Y ad N
LA I -l-.Q L B
h i bl LR T o B
hiaans nd L B BELEE o0 BN
hngn anan AN b & o0 2P0
LA B oo e ZRCHR Y
It an o oft B U R g o
AT T yTYTYT e
b anan ol SRR SN 8
R 2 R
ML IR oo b TR
‘CI.!Q-"‘ A ]
e an otk LR M B cel 22
TeteTyT Yy Yy ey
S dte gt 2t W RN

bl 20 B SRR 2N

q T T T r— - Ty T v T——y
v 2 1 w v s gt B S ok I I T I R A Rt : O ! ¢ b 5 g s e
v Ty t g D o B S T T R TR o T Y | IIRRCE B I T RO L3 '] v e . L R ' LI I A} “ e

e ovrecy
e g g e acers
L A Y
LI I e o
(BB B 2 R
VY Cempey ees
LI AN 3 SLECRER
—eTVTY ¢} ¢ gy
[t ot o o e B 4
Y s rymyeveeay
Tt e ety gy
. e Y g ey

RO IR ST SRR

LACEE ol o dh o e o d

R )

016,8]21916]vigT2h

PEEAEDEEN

oe-ig

el LB R e

L ot ol DL O ¥

B ok R R B

4 Te ecgeemges e
LA R B R
s s s e

L2 ond SR T RREJNE I BT S

b am o S0 S B 2 .4.19

[ A T o 2

e
AR A0 BR B o 28 Do

e TR

T v

O —r—Tr—r—r——

Ter gy —

T v

e 4 eeye
il R e R

F—w—ere o B e ]

Fop———— g

Vs e gy e—y——

v s e ey cm—

. ¢ s yre=; cvem

02-11

(suorituryap aydtiied 19de13 103 wroy)

127




0,61 x_.____r_.r; ale 1 10 Bl DISTPISTE] 1 IOIEIBTITSIE PRI 0 a2 ]91c ¥ eie] | joleB]Z15] ARGHN
: 0L~ 19 09-1§ 0S-iv Op=1

'y -
- { - T b e ant] L 1~ i i f#»% =3 aw W - B ] -
]ii-:_.li.—._u..-u..ii- L T S ¥ "B ] i TR T
- T L a ..d...l__‘.l.i."..tl-...-.-.-—.l-jt-.-_-_r.w.-i.._-..-.-. LB ] L] ) L] e oy — LR
Illj-dl.l.lll‘lnllul.l!-i—-lnlll.... LR o e Powmpee e s | oW s o N - ] - — ¥ - —
- Tt~y 1-..-1.."-..4..._.1..!._..-* B B R I R or o N W - - o .
L (S e b _ .-:..p.l.l-._ - Lol I | ] " - e - —
111]1{11..-1111] ﬁd“...—..m.lu.ﬂ ﬂ... | ] e re——r— e ey A - W e ow L I-.Iﬁu I ——
”ﬂ-—-‘a.ﬂ .“.“ tEJ_ - " § R E pr——— - ¥ - e e e - ——— e — e —
Euhmdﬂlﬂhan: I3 N wd jo ..-u_-uumunu._ ='a =% = {
_.I-..-Iljlula_. J;..-.-. .ﬁlh._ Hﬂ.ﬂ-ll......ﬂ..—l‘.-.-.qv- [ o e o L T 1 ¥ - o L T
u-a.u.-.n ie3)sem ¥ s} N afwyowd 371 t_n:n: ayl
._{.Ii.-l...-l.—..'m ATt ey el A ma ol B BEEE B B o o I s e | = ey g o S BT f———
autryap 1t 3wyl N 28ex> 3O 193®11 15®T = (QWANIN .ozm
Lot e o b o SRUR o o T ST T R | vl ey e e r e s | e e e - —
v v - b dr._-.-lnbi .ﬂ-dl | e e ey S [ r———— Lt B 1 IR | —r——— ey ——
uu-ﬂu!_ !.i_u L n_ .. -uluﬂn 1 !::_ﬂ_ L : _
i |1 = 4 vt | oW R B Sl i el b Sl e B ] e - ] ey - E————
u-:-i nﬂl 3Tyl N afexowd jo lacwal 15174 = nnu_-:
Tr———t adul-l{llll-_qdn‘f.mtxﬂru. ...... .—!.II...-...JJI......I!.I Trp—h oy e e p——
$ .—ﬂ.—_ﬂl 2y Laage.oni ol e o a ot T SR Dl SE e e R P —— —
3 --num .mnw-_hu u-.-._nm «‘aroan | E " “
Ty 1.....u ” T 1-'—.11*].1.-—4.‘ 1+ﬁ1llll|ll.-.l.ll+‘.|||_-|u.-|1..|1.1. =y o= —— ey r——— T —y
.iﬂ'ﬁ".ﬁﬂ 0=
111111-‘-1115 -.—_...-._..l-ﬂu.-. TN & .EJHTIJ] § cwrr——— e g 5 v v et e o | q—
'ﬁﬂ’h.ﬂﬁﬁ D=
.lmll]l]ﬂ.ﬂmuﬂlﬂﬂ.ﬂﬂlﬂ -ﬂ I.W'Hu_ﬂm m.—.l_.. “!__E.I.m. g S——— R [p———— - 1 e e f——— FEFEE X
M e e A et TR S e b IEEEE PP T Ry PP RIS (R S S
. (s19) wmn:mz N

*a8exded Teriajew yses I0J pied JduQ
* (pesn 8utaq jou aie sautrTdITs) T = JITSON JT SpIed 3sayi ItuwQ

SINIOdANT INITAITS ONINIJIA SAYVD




-

0814

o [ ¥

T ——— T———

T ™ —

(z otay)

NEEHCEHEDRA

e ]

Ty

EOMNAEARNRANBANEERNR

0f=12___ | 02-11

11..""1‘ "

B e e G e BT

B o B Y

@3vuTplood- A

- T T T T rTrr——r T = vy = == = T T

T T T - T —rr T i B e B e B B e o TU TRR AR S § rv————
T T T T ~—r u v
T Ty Ll A 41-.-......_.1—.-j..—l-]lllll{.llill-l..qi-dl..l]d:..r_-j..- Ty Vy——— AL e oot X JE TR,
T T T T ey T 1||m..-.11|-|1J1]|1I1J.l Wiy e p————

] .m_WII-.I]v . .:..nqmm:]ll

®033log

LNIOd NOILIVILINI HOVH ¥0d NOILVILINI 40 VMY ONINIdsq S@IvD

—rr .ujl]..s«u.l.._..-l.-.]_.l.

e e Lae e o e I B

— N e —— =y . —r T v v T r—r—r L r T - T T T
— L | T m T ™ .-.—J...d..-_-.lll— L] J-.lll..nl...p-ll-r‘ Ll o | e IR Ty f e . . ——" — == v~y -
—rerr ﬁ.. — T v L B R e e e i o L e BT o TETEESET T v

| RN R oy

T —— ey

it ol Bl

=T ey e T T r———

_Iil.l-_.. res=-v

B A B ol o S -

e

T — T Y

_|-l...._._-. r—r v

—yr——
¥ T T r—r—— i T R v T T Y T v T - i " T
(z-oras ‘oviz) _..‘m.“”-“w- | (W) -3 (w3) *34 m”-h-adl 1301
IOTIRTITU] Jolworiwyitu 3q- L FE]
, Aetag smr] °1#uTp1003- £ 318uTp1003. Ivria3eN
SEMNEROEH [ ol6lel SRR IOE] ..21”,...Eﬂ.....In_...uH.D-....-UEHETE._.,..D_..;._.E‘.UHEHD..&E—._.._‘._.J [NEAER
I UL =I5 US =1 Ji

05 -1v

"aarsordxs yBry ® 3o UOT3BUOISP 9ATOAUT j0u S0P uoTiETNOTEY 3FT pres

®ITp 3jurod uOTIBTITUT JO pus 0 = 13ar

jurod UOTIBTITUT AIepuooes 103 7 = 1341

SWI3 uoTITUOILP arqeqoxd JO lepro Burpusose

SIAISOTAXI HOIH 40 SINIOd NOILVILINI

iutod worjeriTUY Arewrad z03 7t . laaqr

JUBTq au0 jr10suj
UT Indur aq 3snm Siurod worzeryruy ayr

NINId3Q sauy)

129




. 4 L ., lh.k‘hl_.w,
" %
'
(=]
~y
—f
:
X
:
n'._-.d e —
“oltlost  [q I
STST I STZU TY OT 6 #|e|os o 5 2t
1!




"

No.

12

DISTRIBUTION L'ST

of
C0pics

Organization

Commander

Defense Documentation Center
ATTN:: DDC-TCA

Cameron Station

Alexandria, VA 22314

Director

Defense Advanced Research
Projects Agency

ATTN: Tech Info

1400 Wilson Boulevard

Arlington, VA 22209

Director

Defense Nuclear Agency
ATTN: MAJ Spangler
Arlington, VA 22209

Commander

US .Army Materiel Development
and Readiness Command

ATTN: DRCDMD-ST, N. Klein

5001 Eisenhower Avenue

Alexandria, VA 22333

Commander

US Army Aviation Research
and Development Command

ATTN:  DRSAV-E

12th and Spruce Streets

St. Louis, M0 63166

Director

US Army Air Mobility Research
and Development Laboratory

Ames Research Center

Moffett Field, CA 94035

Commander

US Army Electronics Research
and Develcpment Command

Technical Support Activity

ATTN: DELSD-L

Fort Monmouth, NJ 07703

No. of
Conigi

i

131

T A R SO R e i LM T O i NG TR I 500 s A A N A

Organization

Commander

US Army Communications Rsch
and Developmeat Command

ATTN: DRDCO-SGS

Fr=t Monmouth, NJ 07703

Commander
US Army Missile Research
and Development. Command
ATTN: DRDMI-R
DRDMI -RBL
Redstone Arsenal, AL 35809

Commander

US Army Missile Materiel
Readiness Command

ATTN: DRSMI-AOM

Redstone Arsenal, AL 35809

Commander
US Army Tank Automotive
Research § Development Cmd

ATTN: DRDTA-UL
Warren, MI 48090
Commander

US Army Armament -Research

and Development Command
ATTN: DRDAR-TSS (2 cys)
Dover, NJ. 07801

Commander
US Army Armament Research
and Development Command

ATTN: Mr. V. Guadagno
Mr. R. Davitt
Dr. J.T. Frasier
G. Demitrak
Dover, NJ 07801
Commander .

US Army Armament Materiel
Readiness Command

ATTN: DRSAR-LEP-L, Tech Lib

Rock Island, IL 61299




DISTRIBUTION LiST

No. of No. of
Copies Organization Copies Organization

5 Commander
US Army Materials and
Mcchanics Research Center

ATTN:
Dr. D. Roylance
Dr. A. F. Wilde
Dr. J. Mescall

DRXMR- ATL
Watertown, MA 02172

1 Director
US Army TRADOC Systems
Analysis Activity
ATTN: ATAA-SL, Tech Lib
White Sands Missile Range
NM 88002

1 Deputy Assistant Secretary
of the Army (R§D)
Department of the Army
Washington, DC 20310

1 HQDA (DAMA-ARP)
Washington, DC 20310

1 HQDA (DAMA-MS) - .
Washington, DC 20310

1 Commander
US Army Research Office
ATTN: Dr. E. Saibel
P. 0. Box 12211
Research Triangle Park
NC 27709

1 Commander
US Army BMD Advanced
Technology Center
ATTIN:
P.” 0. Box 1500
Huntsville, AL 35807

DRXMR-T, Mr. J. Bluhm

BMDATC-M, Mr. P. Boyd

132

1

Office of Naval Research

ATTN: Code ONR 439, N.lPerronc
Department of the Navy

800 North Quincy Street
Arlington, VA 22217

Commander

Naval Air Systems Command
ATTN: AIR-604
Washington, DC 20360

Commander ;

Naval Ordnance Systems Command
ATTN: ORD-9132

Washington, DC 20360

Commander

Naval Air Development
Center, Johnsville

Warminster, PA 18974

Commander
Naval Missile Center
Point Mugu, CA 93041

Commander & Director

David W. Taylor Naval Ship
Research & Development Ctr

Bethesda, MD 20084

Commander

Naval ! urface Weapons Center
ATTN: Code TX, Dr. W.G. Soper
Dahlgren, VA ' 22448

Commander
Naval Surface Weapons Center
Silver Spring, MD 20910

Commander
Naval Weapons Center
ATTN: Code 4157

Code 4011, Dr.E.Lundstrom

Code 3813, Mr.M.Backman
China Lake, CA 93555

B e




DISTRIBUTION LIST

. No. of No. of
’ Copies Organization Copies Organization
4 Commander 4 Director

' Naval Research Laboratory Natioral ‘Aeronautics and
| i 4 ATTN: Mr. W.'J. Ferguson Space Administration’

| Dr. C. Sanday Langley Research Center
| Dr.  H. Pusey ‘Langley Station

Dr. F. Rosenthal Hampton, VA 23365

} Washington, DC 20375
{ 1 Director

' 1 Superintendent Naticnal Aeronautics and
Naval Postgraduate School " ' 'Space Administration
ATTN: Dir of Lib Manned Spacecraft Center
Monterey, CA 93940 ATTN: ' Lib

Houston, TX 77058
2 ADTC/DLJW (MAJ D. Matuska, / '

LTC J. Ostorn) - 1 Aeronautical Research
Eglin AFB, FL 32542 Associates of Princeton, Inc,
50 Washington Road
1 ‘AFFDL (FDT) Princ 'ton, NJ 08540

Wright-Patterson AFB, 0. 45433
2 Aerospace Corporation

1 AFML (Dr. T. Nicholas) ATTN: Mr. L. Rubin
Wright-Pattesson AFB, OH 45433 " Mr. L. G. King
2350 E. El1 Segundo Blvd
2 ASD (XROT, Gerald Bennett; El Segundo, CA 90009

ENFTV, Martin Lentz)
Wright-Patterson AFB, OH 45433 1 Boeing Aerospace Company
gt ATTN: Mr. R. G. Blaisdell

3 Director : -(M.S. 40-25)
Lawrence Livermcie Laboratory Seattle, WA 98124
ATTN: Dr.'R. H. Toland, L-424
| Dr. M.'L. Wilkins 1 Effects Technology, Inc.
: | Dr. R. Werne 5383 Hollister Avenue:
| Livermore, CA 94550 P. 0. Box 30400

Santa Barbara, CA 93105
1 Headquarters |

! National Aeronautics and 1 Falcon RED
Space Administration ATIN: Mr. R. Miller
; Washington, DC ' 20546 1225 S. Huron Street

Denver, CO 80223
1 Director : : '
2 Jet Propulsion Laboratory
ATTN: Lib (TD)
4800 Oak Grove Drive
Pasadena, CA 91103

133




DISTRIBUTION LIST

No. of . No. of
Copies Organization Copies Organization
1 FMC Corporation 1 McDonnell-Douglas
Ordnance Enginecring Div. Astronautics Company
San Jose, CA 95114 ATTN: Mail Station 21-2 &
- ' Dr. J. Wall
1 General Electric Company 5301 Bolsa Avenue
Armament Systems Dept. Huntington Beach, CA 92647

Burlington, VT 05401
1 New Mexico Institute of

1 President : Mining and Technology
General Research Corporation Terra Group
ATTN: - Lib Socorro, NM 87801

McLean, VA 22101 i
1 Pacific Technical Corporation

1 Goodier Aerospace Corp. ATTN: Dr. F. K. Feldmann
1210 Massillon Road 460 Ward Drive
Akron, OH 44315 Santa Barbara, CA 93105
3 Honeywell, Inc. 2 Physics international Company
Government § Aerospace ATIN: Dr. D. Orphal
Products Division Dr. E. T. Moore
ATIN: Mr. J. Blackburn 2700 Merced
Dr. G. Job=son San Leandro, CA 94577
Mr. R, Simpson
600 Second Street, NE 1. Rockwell International
Hopkins, MN 55343 Autunetics Missile Sys Div
ATIN: Dr. M. Chawla
1 H. P. White Laboratory 4300 E. 5th Avenue
Bel Air, MD 21014 Columbus, OH 43216
1 Kaman Sciences Corporation 3 . Sandia Laboratories
ATTN: Dr. P. Snow ATTN: Dr. W. Herrmann
1500 Garden of the Gods Road Dr. L. Bertholf
Colorado Springs, CO 80933 Dr. J. W, Nunziato
Albuquerque, NM 87115
1 Lockheed Corporation
AT™: Dr. C. E. Vivian 1 Science Applications, Inc. !
Department 8114 101 Continental Boulevard i
Sunnyvale, CA, 94087 Suite 310 L |

El Segundo, CA 90245
1 Materials Resetrch ;
Laboratory, Inc. 1 Science Applications, Inc.
1 Science Road 201 W, Dyer Road (Unit B)
Glenwood, IL 60427 ATTN: . G. Burghart
Santa Ana, CA 92707

134




sy

DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization
5 Systems, Science § Software 2 University of Arizona
ATTN: Dr. R. Sedgwick Civil Engineering Depnt

B

Ms. L. Hageman
R. G. Herrmann
D. Grine
M. Rice

P. 0. Box 1620

La Jolla, CA 92038

US Steel Corporation
Research Center

125 Jamison Lane
Monroeville, PA 15146

Drexel University

Dept of Mechanical Engineering
ATIN: Dr. P. C. Chou

32d and Chestnut Streets
Philadelphia, PA 19104

Forrestal Research Center
Aeronautical Engineering Lab
Princeton University

ATIN: Dr. A. Eringen
Princeton, NJ 08540

Southwest Research Institute
Dept of Mechanical Sciences
ATTIN: Dr. U. Lindholm

Dr. W. Baker

Dr. P. H. Francis
8500 Culebra Road
San Antonio, TX 78228

Stanford Research Institute
ATTN: Dr. L. Seaman

Dr. D. Curran

Dr. D. Shockey
333 Ravenswood Avenue
Menlo Park, CA 94025

ATTN: Dr. A. DaDeppo
Dr. R. Richard

Tucson, AZ 85721

Univers.ty of California
Los Alamos Scientific Lab

ATIN: Dr. R. Karpp
Dr. J. Dienes
Dr. L. Germain
Dr. B. Germain
P. 0. Box 808

Livermore, CA 94550

University of Dayton

Univ of Dayton Research Inst,
ATTN: Mr. H. F. Swift
Dayton, OH 45405

University of Delaware
Dept of Mechanical Engineering

ATTN: Prof. J. Vinson
Dean I. Greenfield
Newark, DE 19711

University of Denver

Denver Research Institute
ATTN: Mr. R. F. Recht

2390 S. University Boulevard
Denver, CO 80210

University »f Florida
Department of Engineering
Science and Mechanics
ATTN: Dxr. C. A, Sciammarella
Dr. L. Malvern
Gainesville, FL 32601

Aberdeen Proving Ground

135

Cdr, USATECOM
ATTN: Mr. W. Pless
Mr. S. Keithley
DRSTE-SG-H
Dir, USAMSAA

we - ’F
x’:, e ?

l
ks
‘-J‘\k s e




